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SUMMARY 
This is the first of two volumes devoted to a computer program 
for predicting the performance of a~ annular combustor. In this volume 
the correlations and calculation methods used in the program are presented, 
and the assumptions involved in applying them are discussed. The results 
of a number of test cases are also described. 
The analysis falls naturally into three parts: 
1. Performance of the diffuser. 
2. Air-flow, pressure, and temperature distributions in the 
flame tube and annuli, including calculation of the combustor 
total-pressure loss. 
3. Heat tra~sfer and the calculation of the flame-tube-wall 
temperature distribution. 
Each of these parts is discussed in detail in Volume I of this report. 
Volume I I gives a complete description of the computer program~ 
forming a self-contained operating manual that permits the program to be 
operated without reference to Volume I. 
/J' 
l' 
2 
INTRODUCTION 
The cut-and-try methods generally used to design combustion 
chambers have been giving way in recent years to a more systematic approach 
based on analysis and correlation of experimental data. This approach 
is potentially capable of substantially reducing development time and 
expense while improving combustor performance. Whi le the analytical 
methods and correlations presently available are crude in many respects, 
they are nonetheless sufficiently complex that computers can effectively 
be used in their solution. 
The aim of the work described in this report has been to develop 
a computer program for the analysis of fluid flow, combustion, and heat 
transfer in annular combustors with diffusers, making use of currently 
available analytical methods and correlations. It is expected that the 
resulting program, used carefully in conjunction with experimental data, 
will prove to be a useful tool for the design of high-performance annular 
combustors. 
The program has been extended to include analy~i5 of rectangular 
test combustors. An approximate analysis of tubular geometries may be ob-
tained from the program for rectangular combustors. 
Background 
A number of attempts have previously been made to calculate the 
air flow and heat transfer in gas-turbine combustors. Graves (Ref 1) and 
Grobman (Ref 2) analyzed the pressure loss and air-flow distribution in 
tubular combustors with uniformly tapered (or constant cross-sectior) flame 
tubes. This work included the effects of momentum transfer between the 
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gas streams in annulus and flame tube, annulus wall friction, heat release, 
hole discharge coefficients, and compressibility. Flow in the diffuser 
was not considered, and instantaneous mixing between cold-air jets and 
the gas in the flame tube was assumed. No heat-transfer analysis was 
undertaken. The results of these calculations exhibited many of the effects 
observable in practical combustors. 
Samuel (Ref 3) used the same general approach as Grobman, with 
instantaneous mixing between cold-air jets and the main gas stream. A 
simple diffuser analysis was included, and i 0th tubular and annular 
geometries could be treated. In the case of annular combustors, the 
calculation followed the three parallel streams in the inner and outer 
annuli and through the flame tube, and iterated on the initial mass-flow 
split between these streams until boundary conditions at the end of the 
combustor were satisfied. A similar approach is used in the present work. 
The output of Samuel's program was used as input for a heat-transfer program. 
The most comprehensive heat-transfer analysis of aircraft-type 
combustors that has been published to date is that of Lefebvre and 
Herbert (Ref 4). This involved the solution of a heat-balance equation 
for each element of the wall, taking into account radiation from flame to 
wall and wall to casing, and forced convection on the inside and outside 
of the wall. Net heat transfer in the longitudinal direction was assumed 
to be negligible compared with radial heat transfer. Reasonable agreement 
with limited experiment was obtained. 
Another heat-transfer analysis was carried out by Tipler 
(Ref 5), whose work dealt with an industrial combustor and included the 
effects of radiation transfer in a longitudinal direction. 
Over the last few years, a number of new correlations and 
/1 
4 
techniques have been produced which provide the basis for a more 
sophisticated approach to the analysis of flow and heat transfer in 
combustors. 
Sovran and Klomp (Ref 6) have provided a way of generalizing straight-
walled two-dimensional and annular diffuser performance. An almost identical 
approach was used by Reneau, Johnston, and Kline (Ref 7), who extended the 
work to cover different inlet boundary-layer thicknesses; this aspect is 
particularly important for gas-turbine combustor diffusers. For the first 
time, therefore, there now exists a set of maps which enables the perfor-
mance of straight-walled diffusers to be predicted with fair certainty for 
any length and area ratio and inlet boundary-layer thickness, at least 
within the range of interest. 
Although many sets of data on the behavior and mixing of jets 
have been accumulated over the last 20 years, it is only rece"tly that 
such data have been brought together, correlated, and presented in a 
generalized fashion. For example, a review of 16 experiments on Jets 
penetrating a gas stream at an angle has recently been prepared by Northern 
Research. Spalding (Ref 8) refers to 18 experiments on wall jets in 
developing a new theory for this type of flow. 
In the field of heat transfer, Spalding (Ref 9) has correlated 
the results of 9 experimenters to produce a new correlation for film-
cooling heat transfer, and Sturgess (Ref 10) has shown that this corre1a-
tion works moderately well for the practical film-cooling slots used in 
actual combustors. Schirmer and Quigg (Ref 11) have produced the most 
useful work yet published on the effect of pressure on radiation from 
luminous flames. Finally, Gruber (Ref 12) and Sparrow (Ref 13) have shown 
how view-factor data can be used to make a more comprehensive analysis of 
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radiative heat transfer in combustors than has hitherto been possible. 
The works mentioned above, and others, provide useful new tools 
for combustor analysis, and open the way to removing some restrictions 
that have previously limited the utility and validity of such analyses. 
Overall Objectives of Present Program 
A computer program was therefore envisaged to achieve the 
following objectives: 
1. Analyze the air mass-flow and pressure distributions in a 
combustor whose geometry is given, for specified inlet 
conditions. 
I 2. Compute the temperature distribution on the flame-tube wall. 
3. Predict whether separation occurs in the diffuser. 
The rest of this report discusses these objectives further, and shows how 
they are achieved. 
Arrangement of Report 
The section following this introduction contains a summary of 
the overall approach used in this work, including the major assumptions. 
In the three subsequent sections are described the calculation methods and 
organization of the diffuser, air-flow, and heat-transfer analyses. Program 
1 imitations are considered in the next section. 
The computer program has been applied to a number of sample cases 
designed to test individual subprograms as well as the overall program. 
The results of these cases are discussed in the next section. A final 
section contains conclusions derived from this work. 
Detailed derivations, where not germane to the main discussion, 
are relegated to appendices. 
1 
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OVERALL APPROACH 
Introduction 
This section is a general introduction to the c:omputer program 
and the methods and assumptions upon which it is based. It is meant to 
provide the reader with a framework for the detailed discussions that follow 
in succeeding sections. Topics covered are: 
I • Maj or assumpt ions. 
2. Combustor geometry and nomenclaturee 
3. Input to the computer program. 
4. Calculation options. 
5. Functions of major subprograms: control, diffuser, aIr-flow. 
and heat-transfer. 
6. interaction between major subprograms; major interative 
procedures. 
7. Output of the computer program. 
Ma i or_ Assumpt ions 
Assumpt ions af'fect i n9 the program as a who Ie are 1 i sted be low. 
Assumptions affecting individual parts of the program are introduced in 
the applicable detailed sections. 
1. Conditions are steady: no quantity varies with time. This 
assumption is reasonable but it precludes the treatment of 
transient phenomena such as combustion oscillation. 
2. Combustors are of annular or rectangular cross section. 
This precludes the direct simulation of tubo-ann~lar (cannular) 
and tubular combustors. While flow conditions for these 
types may be approximated by appropriate selection of 
:J 
f 
• J 
.1 
1 I 
. ! 
I 
I 
L 
i 
f . 
J 
I 
I 
r l 
[.~ H 
L 
n 
[ 
L 
fI 
, . 
, 
7 
dimensions, other parts of the simulation (for example, 
radiation heat transfer) will be of reduced accuracy. 
3. Conditions are uniform aroun~ the circumference of the 
combustor; i.e. there is no circumferential variation in 
any quantity. This assumption is a major simplification; 
in practice, cyclic. variations around the circumference 
occur, corresponding to the fuel-injection points. The 
results of this analysis will be useful, however, in 
indicating output parameters averaged around the circum-
ference. In the case of combustors of rectangular cross 
section, this assumption implies that end effects 
due to the finite width of the combustor are ignored. This 
does limit the extent to which calculated results can be 
expected to agree wi th experiment. 
4. The fl~w can be treated as quasi-one-dimensional. To 
represent the complex flow pattern existing in a real 
combustor is beyond LI~ power of present analytical methods. 
Instead, the problem is broken down into two parts: flow 
in the main gas streams (one-dimensional) and flow and 
mixing of jets (predicted from correlated experimental data). 
5. Radial-flow or reverse-flow combustors cannot be 
analyzed. 
6. Flow conditions in the combustor are within the range of 
val idi ty of the correlations used. The correlatior., are 
based on experimental data presently available. Outside 
their range of established validity, their accuracy is 
likely to be reduced. 
I.. , 
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Combustor Geometry and Nomenclature 
The geometry of an annular combustor and the major terms 
used in describing it are shown in t~e sketch below: 
Secondary Cool ing 
Dome Holes Slot r Casing 
Dome Outer Annulus 
., I H01~' S Oil ut i on 
I 
p . I rlmary 
Zone : 
Flame Tube 
I 
I rFlame-tube wall 
I L 
'--' L. I 
Inner Annulus 
Primary-Zone 
Lcenter-l ine ~ En~n_e __ 
Air from the compressor enters the diffuser, where it is split 
by the snout into three streams, which flow into the snout and the outer 
and inner annuli of the diffuser. After diffusing, the three streams enter 
the flame tube: the snout air through the swirler and the holes in the 
dome, the inner- and outer-annulus air through holes and cooling slots 
in the flame-tube walls. 
Swi r Jer 
A swirler is e-ssentially a bladed passage, similar to a fan 
stator, which imparts swirl to the air flowing through it. Individual 
fuel injectors (of which there are many in an annular combustor) are often 
surrounded by swirlers to promote rapid -mixing of air with the fuel spray. 
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The computer program includes a rather crude method for selecting swirler 
dimensions. A method for calculating swirler pressure drop is also 
included. 
Holes and Slots 
Apertures in the walls of the flame tube and in the dome are 
classified as penetration holes or cooling slots, according to their 
function. Penetration holes direct the entry of air jets into the flame 
tube for mixing and dilution of the hot combustion gases. Cooling slots 
introduce films of cool air just inside the flame-tube walls to act as 
thermal barriers. The cooling slots are assumed to be of the circumferentially 
continuous, dynamic-head type shown in the sketch below: 
Wall 
Correlations for the flow and mixing of penetration and wall jets are part 
of the computer program, as are film-cooling correlations. 
Secondary Holes and Primary Zone 
In this report the holes whose upstream edge marks the down-
stream boundary of the primary zone of the flame tube are defined as 
secondary holes. (Holes farther downstream are referred to as dilution 
holes.) Part of the air from the secondary holes recirculates upstream 
into the prima7Y zone; the remainder passes downstream and is treated 
as ordinary penetration-Jet air. It should be noted that recirculation 
is considered to occur only at the secondary holes, and that all secondary 
holes hi3ve their center-lines at one axial location in the combustor. The 
r 
i' ~ 
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secondary holes n~ed not to be the first holes in the flame-tube wall. 
Input to the Computer Program 
Input quantities required by the computer program are of three 
kinds: 
I. Li brary data. 
2. Combustor geometry. 
3. Case data (inlet flow conditions, calculation options, and 
so forth). 
These quantities will now be described in general terms. A detailed 
description of the input format, units, and so forth, is given in Volume 
II. 
Library Data 
The library d~ta are tables of quantities available for use by 
the program: 
1. Discharge coefficients and jet angles for 100 hole types. 
2. Performance data for straight-walled two t. illtensional diffusers 
and straight-walled annular diffusers. 
3. Flame-emissivity data (none initially supplied). 
The library data may be altered or supplemented by the user; appropriate 
instructions for so doing are given in Volume I I. 
Combustor Geometry 
The following information must be supplied by the user to specify 
the combus tor geometry. 
1. Selection of annular or rectangular type. 
2. Dimensions of walls of diffuser, snout, dome, flame tube, 
and cas i ng. 
L 
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3. Hole and cooling-slot data: 
4. 
5. 
a. Hole type (selected from library data). 
b. Number of holes in row. 
c. Axial locatior.; inner or outer wall. 
d. Area (or cooling-slot height). 
Identification of secondary-hole row (marks end of primary 
zene) and first hole row or slot in the flame-tube wall, 
as distinct from the dome (marks end of diffuser and start 
of combustor annulus). 
Specification of swirler (optional): 
a • No sw i r 1 e r. 
b. Swirler designed within program. 
c. Swirler dimensions supplied by user. 
Case Data 
The following information must be supplied for each case considered 
by the computer: 
1. Flow conditions at inlet (compressor exit): 
a. Total temperature. 
b. Total pressure (weight-mean average). 
c. Air mass f!ow rate. 
d. Boundary-layer blockage and shape factors. 
e. Velocity profil. 
2. Other flow conditions: 
a. Initial estimate of flow split among the snout end the 
inner end outer diffusing passages. (Optional. If not 
specified, program uses Internel estimate.) 
0.' 
, 
; 
Il' v 
12 
b. Initial estimate of downstream blockage in diffuser. 
c. Fraction of secondary-hole air recirculating upstream 
into primary zone. (Optional. If not specified, program 
calculates flow recirculation.) 
d. Bleed air flowing from combustor annuli (optional): 
i. Location (up to three locations). 
ii. Fraction of inlet-air mass flow bled. 
3. Information on combustor walls: 
a. Emissivity and absorptivity of flame-tube walls. 
b. Thermal conductivity and thickness of flame-tube walls. 
c. Emissivity of casing walls. 
d. Temperature distribution of casing walls (optional; if 
not specified, assumed equal to compressor-discharge 
temperature). 
4. Fuel characteristics and distribution: 
a. Overall fuel-air ratio. 
b. Lower calorific value. 
c. Hydrogen-to-carbon ratio. 
d. Distribution of fuel burning rate, specified as an 
upper limit to the fraction of fuel burned up to each 
hole row. 
5. Choice of optional calculation methods to be used wi~in the 
program, and specification of data peculiar to the correla-
tions employed in these methods. These options are discussed 
below, in connection with the major subprograms in which they 
appear. 
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6. Miscellaneous data: 
a. Iteration limits. 
b. Calculation-step sizes. 
Overall Structure of Computer Program 
The computer program comprises 35 subroutines; these are conveniently 
grouped by function into four major subprograms: 
1. Control subprogram. 
2. Diffuser subprogram. 
3. Air-flow subprogram. 
4. Heat-transfer subprogram. 
The general functions of these surprograms and the flow of informa"tion among 
them are summarized in flow-chart form in Figure 1. Their operation is 
discussed in the following four subsections. 
Control Subprogram 
The control subprogram performs the prel iminary operations 
necessary to prepare the computer for the main calculations. Its functions 
may be described as follows: 
1. Read in and print out the case data and the combustor 
geometry. 
2. Read in the library data; assemble and print out a short 
I: list of data (such as hole dimensions) actually needed for 
1-
[1 
the cases being considered. 
3. Calculate the combustor'reference area (the maximum cross-
sectional area bounded by the inner and 'outer casings). 
4. Set up the system of geometrical indexing used in the 
diffuser, air-flow, and heat-transfer subprograms-
14 
As familiarity with the geometrical indexing systems Is basic to under-
standing the details of the various calculation methods. this subject is 
discussed in detail below. 
Geometrical Indexing System 
Four interrelated geometrical indexing systems are used within 
the program: 
1. Input stations. 
'} . Ho 1 e rows. 
3. Diffuser stations. 
4. Flame-tube calculation stations. 
These are illustrated by the sample numbering system on the sketch below: 
Geometric 
Input 
Stat ion 2 
Diffuser 1 
Station I 
I i I 
I~ I 
Downs r m 
Distance 
, 
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Hole-row Number (inner) 
Calculation Station 
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, npu t S ta t ions 
The shapes of the walls of the diffuser, snout, dome, flame 
tube, and casing are described by their axial and radial dimensions at 
geometric input stations. Axial dimensions are measured from the diffuser 
inlet (compressor exit); radial dimensions from the engine center-line. 
For rectangular combustors widths are measured from an arbitrary datum 
po i nt. Station numbers begin with Station I at the compressor exit. 
Hole Rows 
Holes are indexed in groups referred to as hole rows. A hole 
row comprises holes of identical size and shape, centered at the same axial 
location, and spaced at equal intervals around a single w~l1 of the flame 
tube or dome. Up to six hole rows may be specified at a given axial 
location: hole rows may be interspersed on the same wallar paired on 
opposite walls of the flame tube. Indexing starts with the first hole 
row downstream of the compressor exit. 
The indexing system for slots is similar to that for holes, 
except that slots are circumferentially continuous (as mentioned above) 
and hence only one slot may be placed on a given wall at any axial location. 
Noncontinuous siots may be approximated by continuous slots of equal area. 
Slots and holes are indexed together. 
Dummy hole rows (holes of zero diameter) may be specified as 
input, for purposes of arranging the location of calculation stations (see 
the subsequent section on calculation stations). 
Diffuser Stations 
The calculations in the diffuser make use of the input-station 
indexing system. In addition, the diffuser is divided into major regions 
by a separate indexing system, labeled as follows in the above sketch: 
It 
, 
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Entrance to the diffuser (compressor exit). 
2 Last geometric input station upstream of the start of the 
snout. 
2' First geometric input station on the snout. 
3 Last geometric station where diffusion takes place. 
4 Entrance to the annulus (diffuser exit). This station 
coincides with the upstream edge of the first hole row in 
the flame tube, as distinct from the dome. 
Flame-Tube Calculation Stations 
The primary zone of the flame tube is bounded by the dome and 
5wirler, the flame-tube walls, and (at its downstream end) by a plane 
passing through the upstream edges of the secondary holes. This zone is 
treated as a homogeneous stirred reactor; no calculation stations are 
used. 
Calculations in the annulus and in the flame tube downstream 
of the primary zone are related to a system of calculation stations 
located as follows: 
l. At the upstream edge of each hole row that is centered at 
a distinct axial location. Thus, for hole rows paired on 
opposite flame-tube walls only one calculation station is 
assigned. 
2. At each dummy hole row. 
3. At the axial location of each Gool ing ~lot having a distinct 
axial location. 
4. At up to five axial locations spaced at a specified interval 
downstream of each cooling-slot location. 
5. One station at the very end of the combustor. 
Indexing of calculation stations starts with the first hole row in the 
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flame tube (as distinct from the dome) downstream of the compressor exit. 
The first calculation station thus coincides with the end of the diffuser 
annuli (Diffuser Station 4) and the start of the combustor annuli. 
Diffuser Subprogram 
The diffuser subprogram receives from the control subprogram 
inputs of geometry, inlet flow conditions, and certain quantities peculiar 
to the calculation option being used; it also receives a first estimate 
of the mass-flow split among the snout and the two annuli from the control 
subprogram, and subsequent estimates (during iterations on t(1e flow split) 
from the air-flow subprogram. 
Using these inputs and the calculation options chosen by the 
user, the diffuser subprogram performs the following functions: 
1. Determines diffuser performance parameters: 
a. Ideal pressure-recovery coefficient. 
b.Actual pressure-recovery coefficient. 
c. Effectiveness. 
2. Evaluates flow mis-match at the snout. 
I 1 
II 3. Determi nes Ir/hether or not flow separat i on occurs and, if so, 
its location. 
4. Calculates flow conditions on the dome and at the ends of 
the diffuser annuli: 
a. Static pressure. 
b. Static temperature. 
These conditions are supplied as input to the air-flow 
subprogram. 
For convenience in perfon~ing calculations the diffuser is divided 
into three diffusing regions (between Stations 1-2, and 21-3 in the two 
n: 
, 
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annuli, as shown in the sketch on page 14), and two mixing regions (between 
Stations 3 and 4). Within the diffusing r~gions the three diffuser calculation 
options (empirical-data method, streamtube method, and mixing-equation 
method) may be used in any of the following combinations: 
! n let Reg i on (1 to 21 Annular Regions (2' to 3) 
~treamtube Streamtube 
~treamtube Empirical Data 
~treamtube Mixing Equation 
Empirical Data Empirical Data 
~mpirical Data Mixing Equation 
For diffusers without snouts, diffusion in the annular regions 
2 to 3 is treated by assuming that the flow expands isentropically from 
the dome stagnation pressure. 
The mixlng-equa~ion method is always used In the mixing regions 
(Stations 3· to 4). In addition, area mismatch at the snout (Stations 2 
to 21) is accounted for in all methods by calculating the total-pressure loss 
due to sudden expansion or contraction. 
The three calculation options will now be briefly described. 
Empirical-Data Method 
This method is based on the direct evaluation of the "effectiveness 
of a particular diffusing passage~ There are two ways this can be done, 
at the user's option: 
1. Diffuser effectiveness may be suppl;ed directly as a program 
Input. 
2. Diffuser effectiveness may be calculated by the program from 
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correlations of experimentally measured effectiveness versus 
diffuser geometry that are contained in the library data. 
The results are corrected for deviation of the inlet 
boundary-layer blockage from thclt present in the experiments 
on win i ch the corre lat ions are biased. 
The remaining diffuser-performance !parameters (ideal and actual 
pressure-recovery coefficients) and the outlet conditions are calculated 
directly from the effectiveness, the geometry, and the assumption that the 
total pressure is constant. 
Streamtube Method 
-
In this method the flow passage is divided into N streamtubes 
within which flow is assumed to be uniform and isentropic. In setting up 
the streamtubes, the distribution of boundary-layer displacement thickne. l 
supplied as a program input is used to adjus.t the flow area. The develop-
ment of the flow (static pressure and velociity) is computed for each 
streamtube at each station along the diffusing passage. Boundary-layer 
calculations are performed to obtain a revised estimate of boundary-layer 
d i sp 1 acement th i ckness, wh i ch is then used ina revi sed s treamtube ania I ys is. 
This process is continued to convergence of the displacement thicknesso 
The result of this method is the velocity distribution, static pressure, 
and blockage at the outlet from the diffusing passage. 
Mixing-Equation Method 
This is a rather crude method that can only be used between 
Stations 2 and 4. It takes into account the following effects occuring 
in these passages: 
20 
1. Pressure loss due to sudden expansion or contraction at the 
snout (Stations 2 to 2'). 
2. Mixing in the diffusing passage from Station 2' to 4. 
3. Pressure loss due to curvature of the flow passage from 2' 
to 4. 
A flow diagram of the diffuser subprogram is given in Figure 2. 
Air-Flow Suberogram 
The air-flow subprogram receives the following inputs from the 
control subprogram or program input: 
1. Geometry of walls, holes, and swirler (if specified), at 
appropriate indexing stations. 
2. Fue 1 data. 
3. Jet-mixing model and entrainment constant. 
4. Initial estimate of mass-flow split amorlg snout and annuli. 
From the diffuser subprogram it receives the static pressures and static 
temperatures on the dome and at the ends of the diffuser annuli. 
Using these inputs, the air-flow subprogram performs the following 
functions: 
1. Calculates the flow conrlitions in the primary zone (static 
pressure and temperature, mass-flow rate) and at calculation 
stations in the flame tube and annuli (static and total 
pressure and temperature, mess-flow rate, and velocity). 
2. Calculates the combustor total-pressure loss. 
3. Directs the iterative process by which the diffuser and air-
flow subprograms toget.he r arrive at the correct flow split 
among the snout and the two annuli. 
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Opt ions 
Thfa following options are avai lable in the air-flow subprogram 
and must be specified by the user: 
1. Jet-m i ,ei ng mode 1 s. The a i ref low 5llbprogram conta ins four 
models to represent the mixing of penetration and wall jets 
into the main gas stream. The user must choose a model, 
which is then used for both types of jet. Associated with 
each model is a constant that determines the actual rate of 
jet mixing. An individual value of this constant must be 
specified for each jet type. 
2. Hei3t transfer from the flame-tube walls to the annulus air· 
may be calculated or ignored at the user's option. If this 
quantity is calculated, an iteration in the overall calculation 
is required, because of the influence of heat input on the 
flow conditions in the annulus. 
Calculation Procedure 
The main steps in the calculation procedure within the air-flow 
subprogram are as follows: 
1. Calculate the primary-zone pressure from the pressure on the 
dome, the snout air-flow rate, and the relations between 
pressure drop anrl flow rate for the swirler and the dome 
holes. 
2. Calculate the air-flow rate into the primary zone through 
holes up to and i~cluding the secondary holes (recirculating 
part). 
3. Calculate the primary-zone exit s~atic pressure and tempera-
ture from the total flow rate, inlet conditions, and fuel 
fJ' 
• 
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burned (up to stoichiometric). The primary zone is 
treated as a stirred reactor. 
4. Proceed from calculation point to calculation point down 
the annuli and flame tub~, calculating the mass-flow rates, 
velocities, and static and total pressures and temperatures. 
At the end of this calculation procedure the flows at the ends 
of the annuli are inspected. If these flows are not correct (equal to 
zen), or the correct bleed flow, if any), the mass-flow split within the 
diffuser is altered according to the following scheme: 
1. If the flows in the two annuli are of opposite sign, the 
annulus flows are adjusted, while the dome flow is held 
fixed. 
2. I f the flows in the annu 1 i a re of the same sign, the dome 
flow is altered and proportionate changes in annulus flows 
are made. 
The entire sequence of diffuser and ai r-flow calculations is then repeated. 
This process is continued until the residual air flows at the ends of 
the annuli approach zero within a specified tolerance, or unti 1 the 
specified interation li~i ( is reached. 
A 'flow diagram for the air-flow subprogram is given in Figure 3. 
Heat-Transfer Subprogram 
The heat-transfer subprogram receives as input the geometry of 
the fjame tube and casing from the control subprogram and the axial 
distributions of velocity and temperature of the flame-tube gases from the 
air-flow subprogram. Additional data that may be specified as input at 
the option of the user are: 
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1. Temperature distribution of the outer casing. 
2. Choice of calculation options. 
3. Data needed for the calculation option chosen: 
a. A constant characterizing cooling-film effectiveness. 
b. The permeability coefficient for porous walls. 
c. Flame-emissivity data (optional). 
d. Thermal conductivity and thickness of flame-tube walls. 
4. Fuel hydrogen/carbon ratio. 
5. Flame-tube and casing absorptivities and emissivities. 
The primary objective of the heat-transfer subprogram is to 
establish the axial distribution of temperature along the flame-tube walls 
for various program options. Under one program option, a further objective 
is to provide the air-flow subprogram with the axial variation of the heat-
transfer rate from the flame-tube wall to the annulus air. 
In operation, the subprogram evaluates various heat-flux components 
at a point on the flame-tube wall in terms of the wall temperature; the 
heat-flux components which are considered may include several or all of 
the following, depending upon the program options specified: 
1. Convection from the flame-tube gases. 
2. Convection to the annulus ai~ 
3. Radiation from the flame. 
4. Radiation to the outer casing. 
5. Radiation interchange between the flame-tube walls.-
6. Longitudinal conduction along the flame-tube wall. 
7. Heat transfer to transpiring air for porous walls. 
The heat-balance equation is then solved to determine the unknown tempera-
ture. These operations are performed a~ calculation stations along the 
24 
flame tube; no provision is made, however, for the inclusion of the flame-
tube dome in the heat-transfer analysis. 
Program Opt ions. 
Several of the program options concern the heat-transfer subprogram; 
these opti·ons are 1 isted below. 
1. The flame-tube wall may be cooled by: 
a. Convection to the annulus air and radiation to the 
outer casing. 
b. Combined effects of (a) and film cooling. 
c. Combined effects of (a) and transpiration cooling. 
2. The emissivity of the flame may be computed from: 
a. One of two equations for nonluminous flames.· 
b. One of three equations for luminous flames. 
c •. Emissivity data supplied as special input by the user. 
3. The radiation from the flame to the flame-tube wall may be 
calculated on the basis of one of two assumptions: 
a. Radiation is purely radial (one-dimensional). 
b. Radiation to an element of the wall occurs from all 
(radial and axial) parts of the flame (two-dimensional). 
4. The heat-balance equation may: 
a. Include a term for heat conduction along the flame-tube 
wa 11 s. 
b. Include a term for radiati~n interchange between the two 
flame-tube walls. 
c. Include the terms . both (a) and (b). In 
d. Neglect the terms in (a) and (b). 
5. An option is a\fa i lab le to exclude the heat-transfer subprogram 
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from th'~ program routing for cases in which heat-transfer 
results are not required. 
A flow diagram of the heat-transfer subprogram is given in 
Figure 4. 
Output of the Computer Program 
A general description of the information printed out by the 
computer pro~ram follows. A sample printout is given in Volume II, Appendix III. 
Input and Geometrical Data 
The following Information is printed out by the control subprogram. 
Part of the data are taken directly from Input: the remainder are generated 
by geometrical manipulation of the input data. 
1. Combustor geometry at input stations. 
2. Swirler design data. 
3. Details of holes at each hole row, separately for penetration 
holes and cooling slots. 
4. At each hole row, ratios of cross-sectional areas of flame 
tube and annuli to reference area. 
5. Total hole area in flame-tube wall, for penetration holes 
and cooling slots. 
6. Ratio of total hole area, including swirler, dome holes, 
penetration holes, and cooling slots, to reference area. 
7. Identification of various key locations in the ~ombustor: 
a. Last input station before the snout (diffuser Station 2). 
b. Last input station in diffusing part of diffuser (diffuser 
Station 3). 
r1· 
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c. First hole row in the flame tube, as distinct from thf~ 
dome (upstream edge is diffuser Station 4 and the start 
of the combustor annulus). 
d. Secondary hole row (upstream edge is end of primary zone). 
8. Fraction of secondary air recirculating into primary zone 
(if specified as input). 
9. Fraction of inlet air bled, and location. 
10. Fuel data: 
a. Overall fuel-air ratio. 
b. Lower calorific value. 
c. Hydrogen-to-carbon ratio. 
d. Axial distribution of fuel burning rate. 
11. Heat-transfer input data: 
a. Thickness, thermal conductivety, emissivity, and 
absorptivity of flame-tube walls. 
b. Emissivity of outer casing. 
12. Inlet flow conditions (at compressor. exit): 
a. Total temperature. 
b. Total pressure. 
c. Mass-flow rate. 
d. Boundary-layer blockage and shape factors. 
e. Velocity profile. 
13. First estimate of downstream blockage in diffuser. 
14. Overall fuel-air ratio. 
15. Fuel burning rate at calculation points. 
16. Casing temperature at calculation points. 
17. Details of program options: 
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a. Diffuser options for various diffusing passages. 
b. Jet-mixing model and entrainment constants for penetration 
and wa 11 jets. 
c. Heat transfer to annulus air (considered, or not considered). 
d. Flame luminosity correlation. 
e. Heat-transfer models for radiation and wall cooling_ 
Output of Diffuser Subprogram 
,. 
The following quantities are printed out by the diffuser sub-
1. Reference conditions: 
a. Reference area 
b. Reference velocit~ 
c. Inlet Mach numbe~ 
d. Reference Mach numbe~ 
e. Reference dynamic pressure. 
2. Diffuser parameters in the three diffusing passages, (1) 
compressor exit to lip of snout), (2) inner passage between 
snout and casing, and (3) outer passage between snout and 
casing: 
a. 
b. 
c. 
d. 
e. 
f. 
Ideal pressure-recovery coefficient. 
Actual pressure-recovery coefficient. 
Diffuser effectiveness. 
Fractional total-pressure loss. 
Velocity profile at exit of the first (1) diffus1ng 
passage (diffuser Station 2). 
Boundary-l ayer d i sp 1 aCEiment th i ckness and shape factor 
at inlet to the passage. 
/1 
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g. 
h. 
Input point at which separation occurs, if any. 
Mismatch area ratio at the snout. 
Output of Air-Flow Subprogram 
The following results of air-flow calculations are printed out 
for each calculation station in the flame tube and the inner and outer 
annu 1 i : 
1. Total temperature. 
2. Total and static pressures. 
3. Bulk velocities. 
4. Mach numbers. 
5. Accumulated pressure loss due to friction and heat addition 
(annuli only). 
6. Accumulated pressure loss due to expansion (annuli only). 
7. Rate of fuel burning (flame tube). 
8. Friction factor (annuli only). 
In addition, the following total-pressure-loss factors are printed out 
for each annulus: 
1. Combustor total-pressure loss relative to reference dynamic 
pressure. 
2. Combustor total-pressure loss relative to compressor delivery 
pressure. 
3. Expansion total-pressure loss relative to compressor delivery 
pressure. 
4. Total-pressure-loss factor due to friction and heat addition, 
relative to compressor delivery pressure. 
Also, the overall total-pressure loss for the combined diffuser and 
combustor, relative to the compressor delivery pressure, is printed out. 
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The following flow quantities for holes, calculated in the ai~ 
flow program, are printed out for each hole-row station: 
1. Pressure-loss factor. 
2. Discharge coefficient. 
3. Effective hole area (area x discharge coefficient). 
4. Initial jet angle. 
5. Initial jet velocity. 
6. Fraction of current annulus air flowing through current hole 
row. 
7. Accumulated fraction of inlet air flow in flame tube. 
Finally, the air mass-flow split is printed out. 
Output of Heat-Transfer Subprogram 
The heat-tr~nsfer calculations are performed for each calculation 
point; heat-transfer quantities are, ·therefore, available as functions of 
axial distance along the flame tube. In addition to the flame-tube wall 
temperatures, which are the quantities of prinCipal interest, the following 
intermediate quantities are printed out In the computer results: 
1. Adiabatic-wall temperature. 
2. Film-cooling effectlveness~ 
3. Flame Intensity. 
4. Flame emissivity. 
5. Heat transferred to transpiration air In the wall, where 
app 1 i cab Ie, . 
6. Radiation Interchange between each wall, where applicable, 
7. Heat-transfer rates to and from the flame-tube·walls by 
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radiation and convection. 
8. ~eynolds. Prandtl, and Nusselt numbers of the flow in the 
flame-tube and In the annuli. 
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DIFFUSER SUBPROGRAM - ANALYTICAL METHODS AND PROGRAM DEVELOPMENT 
Introduction 
The portion of a combustor treated by the diffuser subprogram 
is indicated in the sketches on the following page, for the two configur-
ations which can be treated by the subprogram. The objectives of the 
diffuser subprogram are: 
1 
I • To provide the necessary inlet flow conditions to the annuli 
(Stations 4A and 4B); static pressure and temperature are 
the specific properties calculated, although all others can 
be derived from these two and the mass flow. 
2. To determine the diffuser performance parameters of effective-
ness, ideal pressure-recovery coefficient, and actual press~~~-
recovery coefficient fer the sections 1-2, 2-3A, 2-3B, 2-4A, and 
2-4B. 
3. To determine whether separation occurs in the diffuser and, 
t: if so, at what points. 
n 
r 
4. To evaluate the magnitude of the flow mismatch between 
Stations 2 and 2' {for diffusers with a snout}. 
The specific input quantities required by the diffuser subprogram and the 
o 
OlltpUt quantities provided have been previously listed in the OVERALL 
APPROACH sections, and will ryot be repeated here. 
This chapter presents the options available in the subprogram 
to accomplish these objectives, and the assumptions made and equations 
u~ed in the analyses. 
Major Assumptions 
The assumptions employed in the diffuser analysis which are 
r, 
f 
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common to all calculation optiqns are: 
1. The flow in the upstream part of the diffuser (1-2) is 
2. 
3. 
unaffected by the flow downstream of Station 2. An analysis 
based on any other assumption is beyond the present state 
of the art. This assumption is expected to be valid in well-
designed diffusers (see 2 below). 
If there is a snout, it is reasonably well matched to the 
flow; that is, the streamlines in the portion 1-2 which 
bound the flow required by the annular passages should have 
radial locations at Station 2 nearly equal to those of the 
snout (see sketch below). 
Bounding 
~--44----Streaml ines 
2 21 
Well-Matc~ed Snout 
-
21 
Poorly-Matched Snout 
If the flow is not well-matched, it is certain that the 
flow in the upstream part of the diffuser will be affected 
by flow in the downstream part, in which case the results 
of the diffuser subprogram are highly questionable. 
If there is a snout, its performance as a diffusing passage 
is specified by an input value of the total-pressure-loss 
coefficient (i.e., ratio of total-pressure loss between 
Station 2s 1 and the dome to the dynamic head at 2SI). This 
is based on the presumption that the flow in the snout will 
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be dominated by oither the colander (or orifice plate) or 
the downstream resistances supplied by the swirler and 
dome holes; in either case, it is not expected that the total-
pressure loss due only to diffusion in the snout will be 
of sufficient magnitude to warrant a separate analysis. 
·4. If there is no snout, the performance of the passages 2-4A and 
2-4B is specified by a single input value of total-pressure-
loss coefficient between Stations 2 and 4 (i.e., ratio of 
total-pressure loss between Stations 2 and 4 to the dynamic 
head at Station 2). This is based on the presumption that 
in such cases the resemblance of these passages to a diffuser 
will be remote. 
5. The static pressure across any diffusing passage is constant 
across any section nonnal to the passage center-line. This 
assumes that the flow will be subjected to mild curvatures, 
and it seems to yield reasonable results for well-designed 
diffusers. 
6. The air in the diffuser may be treated as a perfect gas, with 
r = 1.4 and cp = 0.24 Btu per lbm-deg R. 
Other assumptions which relate only to specific calculational 
options in the diffuser subprogram will be discussed subsequently. 
Definition of Terms 
To facilitate the subsequent discussion of analysis methods and 
calculational procedures employed in the diffuser subprogram, it is convenient 
to define some terms which will be frequently used. These terms fall 
{ : 
I 
f j 
\ J 
r ; 
35 
generally into two categories: flow parameters and diffuser-performance 
parameters. 
Flow Parameters 
The flow parameters which are most frequently used are the area-
average velocity, the mass-average velocity, the ratio of equivalent free-
flow area to total flow area, or blockage, and the dynamic head. All 
of these parameters refer to the flow at a given axial location, where 
the static pressure is assumed constant across any section normal to the 
passage center-line. 
The area-average ~elocity, u
a
' is defined by 
-u =J.... JA a A udA 
o 
(1) 
where u is the velocity component in the direction of the passage center-
line (i1ormul components are neglected) and A is the passage cross-sectional 
area normal to the passage center-line. For incompressible flow, ua is 
the velocity the fiow would have if the profile were uniform across the 
entire passage. 
The mass~average velocity, UN~ is defined by 
~: u2 dA 
(Ao j udA 
(2) 
For incompressible flow, it is the velocity which when multiplied by the 
mass flow yields the total momentum flux. 
ua I E =-=-
- A u 
m 
defined by [r: udA f 
tAo 
.) ~2 dA 
(3) 
The blockage is l-E, where E is 
'1.1 I , 
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For incompressible flow, E is the ratio of the area which would be 
occupied by a uniform flow, with a total pressure equal to the mass-
averag~d total pressure of the 3ctual flow, to the actual area of the 
pass?se. A related term which is frequently used is the profile 
para~eter, ~ , which is merely the reciprocal of E. A derivative of 
the general inlet blockage, l-E, is the inlet boundary-layer blockage, 
I-Ebl~ where Ebl defined by 
(4) 
where Abl is the area occupied by the boundary-layer displacement thickness. 
If the flow outside the boundary layer is uniform (i .e .• u = constant across 
the passage) then Ebl = E. 
The dynamic head based on ma~s-average velocity, q, is defined 
by 
-- I - _2 1 -.Q2 
q = 2 g P u m = 2 g.P P ua 
o 0 
2 (5) 
where p is the average~ensity across the passage 
- m 
p = u EA 
(6) 
m 
For incompressible flow, q is the actual mass-average dynamic pressure; 
for compressible flow, it is treated as a reference quantity. 
Diffuser Performance Parameters 
The diffuser performance parameters used herein are the ideal 
incompressible-flm'l/ pressure-recovery coefficient, the actual pressure-recovery 
coefficient, and the diffuser effectiveness. 
The ideal pressure-recovery coefficient is defined by 
Cp , idea 1 = 
Maximum obtainable value of (P2 - P1) (7) 
i 
I 
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where the subscripts 1 and 2 refer to inlet and exit, respectively. Two 
specific forms of this relation are used_ First, the ideal incompressible-
flow pressure-recovery coefficient, c ., pi 
c . :: 1 -pi 
defined by 
(8) 
where AR i~ the passage area ratio, A2/A l - This expression in fact represents 
the maximum static-pressure rise which can be achieved in incompressible 
flow if the velocity profile at the diffuser inlet is uniform. If, however, 
the inlet velocity profi le is non-uniform an additional increase in static 
pressure may be expected due to the IT'ixing process. It is shown in Appendix 
I that the maximum achievable pressure rise is obtained by instantaneous 
mixing of the profile followed by diffusion, with the result that the ideal 
pressure-recovery coefficient in the presence of mixing can be expressed 
as 
C I 
pm = fJ 2 
1 
f2 (8 - 1) + I - -LJ L 1 AR2 
Although both Equations 8 and 9 are strictly meaningful physically only 
for Incompressible flow, they are used here as reference quantities for 
compressibh~ flow. 
The actual pressure-recovery coefficient, C , is defined by p 
C = p 
The diffuser effectiveness. ~, is defined as the ratio of the 
actual pressure-recovery coefficient to the ideal pressure-recovery 
coefficient. Two definitions are used here, corresponding to the 
pressure-recovery coefficients defined by Equations 8 and 9: 
C 
~ =..L C . pi 
(9) 
( 10) 
( 11 ) 
'¢"" 
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( 12) 
Alternative Analysis Procedures Avai 1c'ile in the Subprogram 
For the purposes of analysis, the diffuser is considered as 
three separate diffusing passages: 1-2, 2-3A. and 2-38; and two mixing 
passages: 3A-4A and 3B-48·(see sketch on page 32). The essential element 
of the diffuser analysis is then the evaluation of the performance of a 
single diffusing passage, including the determination of both the performance 
parameters and the outlet conditions. The diffuser subprogram contains 
the following three options for determining the performance of a single 
diffusing passage (the specific passages for which they can be used are 
indicated in parentheses): 
Option 1: Empirtcal-Data Method (1-2. 2-3A. 2-38) 
Option 2: Streamtube Method (1-2. 2-3A. 2~3B) 
Option 3: Mixing-Equation Method (2-4A. 2-48) 
Option 1 has two variations: the empirical performance data can be obtained 
from empirical tabulations included within the program or it may be specified 
directly as input. Option 3 is always used in mixing passages 3A-4A and 
3B-4B. regardless of the optlon(s) used up to Stations 3A and 3B. 
The following three sections present the analyses used In these 
• 
options; subsequent sections deal with the overall calculational procedure 
used In the diffuser subprogram to integrate these lndlvldyal analyses. 
~elrlcal-Data Method 
As!urnet Ions 
In addition to the general assumptions listed previously. the 
following assumptions are made In ev,.luatlng diffuser performance with 
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empi rical data: 
1. The velocity profile at any section can be characterized 
as a "top-hat" profile; specifically, for a particular 
value of blockage (l-E), the profile is given by 
1 E l+E 
u = a for -i->Y and Y>T 
1I = u 
m 
f l-E <: Y <: 1 +E 
. or 2 - - 2 
where Y is the nondimensional annulus height. A "top-hat" 
profile is shown in the sketch below. 
u 
u 
o 
... <?i:---- E 
-----~---------------------~ 
O~--~------------------------~------~ l-E l+E 
2 2 
Y 
( 13) 
( 14) 
2. The total pressure is conserved in the flow. This results 
in ~he diffuser effectiveness being reflected solely by 
a change in blockage from inlet to outlet; the total-pressure 
loss is assumed to be associated with the 5ur r "mixing 
out" of the profile. 
3· The effect of the inlet Mach number on '.' f f ec t i ve-
ness is negligible. This assumption is supported by the work 
of Henry, Wood, and Wi lbur (Ref 14), Van Dewoestine and Fox 
(Ref 15), and Your,::! and Green (Ref 16). Typical results from 
Reference 16 are shown in Figure 5; it is evident that Mach-
number effects are not appreciable for M~ 0.6. 
II' 
. 
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Input Information Required 
The input information required to assess the performance of 
a diffusing passage is as follows: 
I. The inlet conditions defined by m, PI' q" and EI (the 
subsc.ript r,efers to ::le inlet of the particular diffusing 
passage and is not necessari ly coincident with diffuser Station 1). 
2. The nondirnensional diffuser geometry defined by the ratio 
of the length along the passage center-line to the passage 
height at inlet (L/A r l for annular diffusers, L/W for two-
dimensional diffusers), and the area ratio (A2/A I ). 
3. If the option to specify directly the diffuser effectiveness 
is used, then this value is of course required in place of 
the nondimensional length. 
Empirical Correlations Used for Diffuser Perform~nce 
Two empirical correlations are included in the subprogram, in 
the form of tables, which yield values of the diffuser effectiveness, ~ , 
as a function of area ratio and nondimensional length, for a fixed value 
of inlet blockage (I-E l ). One correlation is based on data obtained for 
straight-walled, two-dimensional diffusers by Reneau, Johnston, and Kl ine 
(Ref 7). rb~ data on which the tabulation is based are shown graphically 
in Figure 6. The second correlation is reproduced from work on ~traig~t-
wul led annular diffusers by Sovran and Klomp (Ref 6); this is shown graphically 
in Figure 7. The latter work was performed with diffusers having a hub-
shroud ratio In the range of 0.55-0."1, and should only be used for diffusers 
i n th i s range. 
For the specified geometry, the effectiveness of the passage 
is found from the tabular forms of the data represented by figures 6 a~ 
{ 
_ I 
r 
L 
j -
I 
1 
41 
7, depending upon whether a two-dimensional or an annular configuration 
is specified. The resulting uncorrected value of effectiveness is applicable 
unly to the inlet blockages for which the data apply [(I-El) = 0.015 for 
two-dimensional diffusers and (l-E 1) = 0.02 for annular diffusers]. 
To account fur different inlet blockages, the following empirical 
cqrrelation has been developed: 
~ - ~ = 1\ [ (!-Ell - (l-Ellr cos[ (g- a.Sllt] 
\'yhe re ~ = value of g for EI = El = 0.8, 
This correlation applies in the ranqe I > E ::> 0.7 and 0.5 <: ~ <. 0.9 1 
but it is mathematically unique for all feasible values of El and ~ , 
This correlation is compared with some experimentally determined inlet 
blockage effects (from Refs 7 and 17) in Figure 8. 
(15) 
The value of diffuser effectiveness corrected for inlet blockage 
is then ob ta i ned by firs t subs t i tu t i ng the uncor rec ted va 1 ue of ~ and the 
inlet blockage El for which the tabulation is valid into Equation 15 to 
determine ;, and then solving Equation 15 again for the corrected value of 
~ wi th the known values of~, E
J
, and the actual inlet blockage, El' 
if the effectiveness of the diffusing passage is a specified 
input value, then of course the empirical correlations are not used, 
Determination of Diffuser Performance Parameters 
and Outlet Conditions 
The diffuser performance parameters, in addition to the effectiveness, 
which are determined when the empirical-data method is used are the ideal 
and actual pressure-recovery coefficients. The ideal pressure-recovery 
coefficient is determined from Equation 8 and the actual pressure-recovery 
If 
i. 
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coefficient is determined from Equation 11. 
The outlet conditions determined in this method are the static 
pressure, the mass-average velocity, and the outlet blockage, E2• The 
static pressure is determined from the actual pressure coefficient. 
( 16) 
The outlet blockage is computed on the basis that the flow is incompressible 
and that the stag~ativn pressure is constant; the definition of stagnation 
pressure then yields 
The remaining properties 12' um2, T2 at the diffuser exit are determined 
from a simultaneous solution of the relations: 
u 
m2 
+ £. --
·29 Jc 
o p 
Limitations of the Method 
The major limitations of the empirical-data method are due to 
two factors: 
1. The empirical data used. 
2. The one-dimensional treatment of the flow. 
( 17) 
( 18) 
( 19) 
(20) 
The empi rical data incorporated wi thin thEa program are val id only 
for straight-walled diffusers with uniform inlet velocity profiles and low 
inlet blockage. Although some data are available on curved-wall diffusers 
(Refs 18 to 21), they are either insufficient to produce a correlation, or 
they have been obtained for diffusers in which the exit profile has been 
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allowed to mix to substantially uniform conditions. No systematic data 
is availab1e for diffuser configurations of the actual split-passage type 
found in combustors. Hence, the extrapolation of thl"" presE'mt data to 
other conditions is at best uncertain. 
The one-dimensional nature of the treatment precludes accurate 
analysis of diffusers with non-uniform inlet profiles; the effect of inlet 
nonuniformities is known to be quite important (in Reference 22 for -example. 
a 1 per cent change in the annulus total pressure due to a change in 
diffuser velocity profile was calculated to produce an 18 per cent change 
in the mass flow through the dilution holes). Also, the velocity profile 
at the exit of the first portion of the diffuser (Station 2) has a large 
influence on the resulting mass-flow split in the annuli; this cannot be 
treated accurately in the present method. 
Streamtube Method 
This method involves a streamtube analysis to calculate the 
development of the velocity profile within the diffuser, as well as an 
analysis of the wall boundary layers to provide the location of separation 
points, if any. The model is indicated schematically below: 
---+-- - -
Passage 
Center-line 
~ __ Streaml i ne 
2 
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In the following subsections, the subscripts U and L will refer to the 
upper and lower walls of the passage, respectively. 
are made: 
Assumptions 
The following assumptions specific to the streamtube method 
1. The flow can be represented by a number of streamtubes in 
each of which the flow is uniform and isentropic. 
2. The boundary layer is identical to that on a flat plate 
with the same pressure gradient that exists in the diffuser, 
and its effect on the inviscid flow is to produce an effective 
displacement of the diffuser wall equal to the displacement 
thickness of the boundary layer. 
3. The streamline slope varies linearly from one wall to the 
other at any axial station. 
4. Separation of the boundary layer is assumed to occur when 
the shape factor H exceeds a critical value, Hsep. The latter 
value is an input to the program. For conical diffusers. 
Carmichael and Pustintev (Ref 23) show that a value of Hsep= 3.0 
is typical~ For airfoi 1 sections, values of Hsep= 1.8-2.2 
are more usual (Ref. 24). 
assumed for this program. 
A value of H = 1.9 has been sep 
Figure 9 shows the results of 
the present calculational procedure, conpared with the experi-
mental results of Reference 7. 
5. Sub~equent to boundary-layer separation, no further static-
pressure rise occurs in the section of the diffuser being 
considered. 
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Input Information Required 
The input information required for a streamtube analysis is: 
1. The geometry of the diffuser in the form of radial position 
of each wall as a function of axial distance. 
2. The following inlet conditions: 
a. Weight mean total pressure, Pl' 
b. Uniform stagnation temperature, Tol ' 
c. Mass flow rate, m. 
d. A velocity profile given by: 
~ = f{V) U 
where U = an arbitrary normalization velocity 
f(V) = a tabulated function of U against V 
~ 
V = nondimen.ional annulus height 
e. The boundary-layer displacerrlent thickness, S I' 
f. The boundary-layer shape factor, HI' 
3. The number of streamtubes into which the flow is to be divided, 
N. 
4. An initial estimate of the boundary-13yer displacement thick-
ness on each wall at every axial location of a geometric input 
p'oi nt. 
Outline of Method of Solution 
The method of solution proceeds in the following steps: 
1. The determination of the static pressure at the inlet, and 
the mass flow, stagnation'pressure, and velocity in each 
streamtuDe. 
2. The calculation of the static pressure at each downstream 
location (specifoed by the location of the .geometric input 
46 
points), and the resultnng radial locations of. and velocities 
in, each streamtube. Tne first time this calculation is 
performed. the estimated values of boundary-layer blockage 
at all axial locations (supplied as ,npu~) are used; subsequent 
calculations are based on revised estimates of this blockage. 
3. The determination of the boundary-layer displacement thick-
ness on each wall, using the static pressures and wall-
streamtube velocities obtained in Step 2. 
4. Rep~at Steps 2 and 3 unti 1 the displacement thicknesses 
determined.in Step 3 are within a specified tolerance of 
those used in Step 2. 
The details of these steps are presented in the following subsections 
where, for convenience, the geometrical relations are given only for 
annular configurations. 
Inlet Conditions 
The inlet conditions for each of N streamtubes are determined 
as follows (the subscript j refers to a particular streamtube): 
1. Calculate the dimensionless coordinate Yj of the midpoint 
of each (equal-area) streamtube from the relations 
RI + Rj +l ft 
v. 2 
.. "1 
= J RN+1 - R, 
Rj +l 1~' R 2 
...J. + . 
". J 
n 2 2 'fu +'P A. =- N (RN+l -R l ) cos ( ~~ ) J ~ 
t'L +fu ) 
Rl = r 8 I . { L + L'cOS 2 
(21) 
(22) 
If' 
, 
• 
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At the compr,~ssor ex it (0 i ffuser 5 tat i on 1) it is assumed that 
cos( JU ;,rL) = 1 
2. Find u./U for each streamtube by interpolation from the 
J 
velocity profile (tabulated as a function of Y) provided 
as input. 
3. Calculate Pch' a characteristic density to provide a 
first guess for p., from 
where PI = weight mean total pressure at inlet. 
4. If the static pressure Pl at inlet is not given, make a 
first guess at this pressure frnm 
PI = PI - ~~: [Pc:.AJ 
5. Calculate the first guess at U from 
b. U~;ing this value of U, calculate u. from the results of 
J 
step 2 and the temperature, T .. 
I 
2 
Uj 
Tj = Tol - 2C g J p 0 
7. Calculate the density. p .• from 
J 
P' 
. p. =-1.. 
J RT. 
J 
from 
(23) 
(24) 
(25) 
(26) 
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8. Calculate U from 
9. If this value of U is significantly different from the 
previous value of U return to 6. If not continue. 
10. Calculate tile total pressure P. in each streamtube from 
J 
-V ~ = [Tj . ]-V-I 
P. T 1 J o. 
where -V = ratio of specific heats (1.4). 
11. Compute the mass flow in each streamtube from 
rnj = Pj u j Aj 
(27) 
oJ. 
" and the criti~al area of each streamtube A. from the usual 
J 
compressible-flow relations (pIP is sufficient to determine 
12. If the static pressure at inlet is calculated ir ~tep 4, 
calculate th~ new value of weight mean total pressure 
from 
ni .• P. 
J J 
where m. = mass flow in the jth streamtube 
J 
13. If this new value of total pressure is significantly 
different from the given value of total pressure, calculate 
a new value of Pl from 
( 28) 
and return to Step 7. 
~' , 
, 
J f 
f 
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Hence, the quantities mo,f., 0., A.*, P. are known at the inlet to each 
J J J J J 
streamtube. The inlet dynamic head is calculated from 
ql .rt ( ~ p. ~ f ~ ( ~ ) u~11 2g lj m J 'j L J m J 0 
2!!ermination of Streamtube Properties 
at Downstream Axial Locations 
(29) 
The conditions in each streamtube at each downstream axial location 
are determined in an iterative manner by estimating the static pressure 
at the axial location, computing the resulting total area of the streamtubes, 
and repeating the procedure until the computed total flow area equals the 
a~tual flow area normal to the passage center-line. The actual flow area is 
determined from the effective wall geometry obtained from the actual wall 
position and the estimate of boundary-layer displacement thicknesses. 
The details of the procedure are as follows (where the subscript 
j refers to a streamtube and the subscript i refers to an axial location 
of a geometric input point): 
1. As a first estimate, assume that the relative mid-streamtub~ 
streamline slope at 1+1 is equal to that at I: 
(Jrj)i+l • (jrj)i (30) 
where 1;.j .jJ - :tL ~:rU 2 
:tJ • mid-streamtube streamline slope 
For the first axial location downstream of the inlet, assume 
(1 rJ· ) • r 1 rL + t ('j rU -1 rL)] i+l L' 1+1 
(since the relative str.~line slope at the Inlet is always 
assumed to be zero). 
II 
. 
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2. Estimate the pressure .t the next axial location (i+l) 
from 
• (cos Jrj) . 
I 
and 
where TA. = effective total area at axial Station 
I 
(31) 
3. Calculate the static-to-total pressure ratio for each stream-
tube, p.+l/P., and determine T./T l' u., and A. at i+l from 
I I J 0 J J 
the usual compressible flow relations. 
4. Compute total flow area based on initial estimate of stream-
line slope from N 
I 
(TA)i+l =(2J 
j =1 
A. 
J 
cos 'j .) 
rJ i +1 
(32) 
5. Reestimate the relative slope of each mid-streamtube streamline 
from 
where 
('frj1 i+l =[1'rL + Yj (j ru-:t rL I] i+l 
Y. = t (Ak cos 'I rkl - ;. cos,! rJ' J k=l 
~-------------------------N 2: (Ak cos :t rk) k=l 
and k is a dummy index. 
6. Compute revised total flow area based on new estimate of 
streamline slope from Equation 33. Repeat Step 5 until 
I 
two consecutive values of (TA)i+l are equ.l. 
(33) 
I 
· i 
· , 
j 
1 
· 1 
J 
· t 
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I 
7. 1f (TA)i+l does not equal TA i +l obtained from Equation 31, 
then repeat ent ire process from Step 2 wi th p. , IJ .. , A .. , 
I '" J I J I 
f~. in Equation 30 being repl.ced by the current values of JI 
p i + 1 ' .P j , i + l' Aj , i + 1 ' 'f j • i + 1 . 
8. Continue the preceding process until P2 Pj2' Aj2,fj2 , u j2 
are obtained at the exit station of the diffuser. 
Determina~ion of Boundary-Layer 
Displacement Thickness 
~lith the velocity, u i ' and density,Pi' in the bounding stream-
tubes (j=) and j=N) known, a new estimate of the boundary-layer displace-
ment thickn,ess along each wall is made in the foliowing way: 
a .. +1 J , I 
1. The momentum thickness at each axial station i is computed 
from the following relation, derived in Appendix II from 
the momentum integra 1 equiH i on for boundary 
~ 7/6 25/6'p 7/6 1/6 = 9, . (u j. i ) ( j, 1 ) + 0 .0076 V ),1 uj ,i+l .Pj,i+l 25/~ 7/6 uj ,i+l j,i 
layers: 
Xl 
( i+l tJ,7/6 )x! ,/ J 
I 
where j=l or N (referring to Land U walls, respectively) 
and 
Xl - )t! = (x.
I
+1 - x.l ) i + 1 , 
(35) 
cos 
2. The shape factor, HI, of the boundary layer along each wall 
is computed from the empirical relationship of Dussord (Ref 25): 
H •• +1 = H .. + 70(H .• - 1.05) ddBx j J,I J,I J,I (36) 
H. is never permitted to be less than 1.1, since this relation-
J 
ship is not valid for highly accelerating flows, and since 
6/7 
If 
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the cnaracterlstlcs Df the boundary layer when subjected 
to hIghly favorable gradients are of little Interest I" 
the present application. HJ Is also ~ever penmltted to 
exceed 3.S. thl. value ~ceed. any reasonable .eparatlon 
3. For all .xlal location. at which H does not exceed H on 
, sep 
either wall, calculate the reSUlting displacement thickness 
along each wall from 
, 
O' J ,I • H J • I ,9 J • I 
, For ax lal 1 ocat I ons where H > Hsep on either wall, proceed to 
Step 5. 
4. S.-nce this value of dl.placement thickness tends to Interlct 
substantially with the bounding stre~tube velocity, a new 
estimate of the displacement thIckness Is detennlned from 
the following rela~ion: 
0" -6 6J,1 -,($Oj + 0.2 1,1. 01,1 ,~" -~ I u j ,I '''OJ ,I (37) 
where the subscript 0 refers to the Initial estimates supplied 
.. r' .. 
IS Input to the boundary-layer calculatIon. ~ 1,1 and Q N,I 
Ire detenmlned from the solution to the follOWing equations 
'(derived In Appendix III): 
(11).,.+1) &'i,. +1f'.,.6ii,1 • cfhl[' .!f.,~ +'1'.,1 (°0 1,. +d"ott,l) 
'PJ,I -
HoJ ,,-I.05 
HJ ,I 
I 
, 
It 
5. 
\f. . c: J , 1 
H • • - 1. 05 70 oJ, 1 
H. . J , 1 
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A9j,i-l 
t t 
x. - x. 1 1 1-
" II 
fl e. . 1 = ~ 1 ( i-I + 0 N , i -1 - dol, i -1-" oN , i -! -3.39 .. 1 J , 1 - J ,1-
ru, i-I - r L , i-I 
If no separation occurs along either wall at any axial location, 
proce~d to Step 7. 
I f H > H on e i the r wa 11 a tan ax i a 1 I oca t i on, set H = 3. 5 
sep 
on the separated wall for reference purposes, and calculate 
the displacement thickness along the separation wall from, 
2 (TA> cos:lc 1 • 
cosJrU> . - sep c, 1 
1 rr 
where (TA) = effective flow area at the separation point 
sep 
=Jf [( r U cos 'f c 1- c5 Ncos:frU> 2 _ (r L cosJc (+-£1 cosjrL) ~ 
cos ::Ie 1 cos (jrL + j rU > Jsep 
4 
and j cl = 
This assumes that the static pressure and hence the flow 
area remains constant after separation. 
6. In the separated flow region, estimate the new values of 
7. 
displacement thickness from 
5 j ,i = +- (aOj , i + d ~ , i) 
If the newly estimated values of o . . are not equal to the J , 1 
originally estimated ones, cf .. , return to the streamtube 
oJ ,I 
calculation with the newly estimated values. Repeat both 
" 
I 
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streamtube and boundary-layer calculations until agreement 
is obtained. 
Determination of Diffuser Perfonnance Parameters 
and Outlet Conditions 
The diffuser performance para":~ters of ideal pressure-recovery 
coefficient, actual pressure-recovery coefficient, and effectiveness are 
calculated in the following way: 
c . pi 
c p 
= 1 -I:; r 
P2 - Pl 
ql 
c ~ =--L C . pi 
where q, is the 'inlet dynamic head obtainE!d from Equation 29. 
(38) 
'39) 
(40) 
The outlet conditions of P2,P2(r), u2(r) are directly available 
from the procedure, as well as}>j' u., m., A. for each streamtube. 
J J J 
The 
blockage due to displacement thickness is also computed from 
(
COS ':f rU2) 2 (r + C'. • _co_s_t~rL::.;;;2_J 2 
r U2 - 8 U2 . L2 a L2 
= I _ cos t c 12 - . cos l' c 12 
Ebl 2 2 (41) 
r U2 - r L2 
In the computer program, only u2(r), P2' p(x i ), ~(xi)' and H(X i ) are printed 
as output information; the remainder of the quantities ar~ used internally 
in transferring from one diffusing passage to another. 
Limitations of the Method 
The major limitations of the method are as follows: 
1. Diffusers which are highly curved or in which streamilne 
curvature effects are otherwise important (such as in mildly 
stailed diffusers) cannot be treated. In these cases, the 
!t 
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static-pressure gradients across the passage are significant. 
2. The results of the method tend to be quite sensitive to the 
inlet boundary-layer properties; an accurate estimate of 
these properties at the diffuser inlet is difficult in 
practical situations. (A method for estimating the inlet 
shape factor is outlined in Appendix IV.) 
3. The determination of the location of separation is subject 
to error. This is an age-old fluid-mechanics problem which 
remains beyond the reach of the present technological era. 
The method does, however, represent a substantial improvement over the 
empirical-data method, and should be capable of treating a large number 
of diffusers accurately, particularly as experience with the use of the 
method increases. 
Mixing-Equation Method 
The mixing-equation method can only be applied to the diffusing 
passages 2-4A and 2-48, and represents a very crude model of the flow in 
these diffusing passages. 
Assumptions 
The assumptions employed in the method are: 
1. The losses in the diffusing process can be represented as 
the sum of mixing losses, losses due to curvature of the 
passage, and expansion or contraction losses at the snout 
1 i p. 
2. The mixing losses can be evaluated from the determination 
of the pressure-recovery coefficient for incompressi~le 
flow, wherein the variation of the prof:le parameter,j9, 
If I 
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with passage area is of the form 
A 
, _ K = constant 
where K >(31. This is merely a qualitative indication 
that the mixing process is delayed by diffusion. 
Input Information Required 
The information required by this method is: 
I. The geometry of the passage, in terms of inlet area, exit 
area, the total angle difference between the slope of the 
passage center-line at inlet and that at exit, and the 
mean radius of curvature of the passage center-line. 
2. The inlet conditions defined by m, PI' ql' and ~l; the 
subscript here refers to conditions determined at diffuser 
Station 2. 
3. The ratio of the area at diffuser Station 2 occupied by the 
mass flow in the annulus under consideration to the annulus 
area normal to the engine center-line at diffuser Station 2 1 , 
Ath/A21 • That is, for example, 
(Ath)ZA =JT[<rth)ZZA - (rZA)Z] 
where 
where 
(r th ) 
rn = A 
2A 
is determined from 
\
(r h) 
t 2A 
2 7t rp udr 
"'r2A 
rnA = mass flow in inner annulus 
r2A = radius of inner casing at Station 2A 
(42) 
(43) 
p, u = properties from diffuser solution (Station 2) 
A similar calculation may be performed for the outer annulus. 
fl' (j 
-.; .. 
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2. Calculate the diffuser performance between Stations 1 and 
2, and the outlet conditions at 2, by either the empirical-
data or streamtube method. 
3. Determine inlet conditions for the seco~d sta3e of diffusion 
in a form ~uitable for the diffuser analysis method to be 
used between Stations 2-3A and 2-38, and the inlet conditions 
to the snout (if any). 
4. Determine the stagnation pressure on the dome. 
5. If the diffuser has no snout, deterniine the inlet conditions 
to the annuli by assuming an isentropic expansion around the 
dome. 
6. If the diffuser has a snout, calculate the diffuser performance 
between Stations 2-4A and 2-48 and the outlet conditions at 
4A and 48, by using the empirical-data method or the stream-
tube method between Stations 2-3A and 2-38 and a mixing 
analysis between Stations 3A-4A and 38-48, or by using the 
mixing equation method between Stations 2-4A and 2-48. 
f 1 The following sections indicate the significant details of these 
steps, for the various combinations of analysis methods which can be used. 
These are five such conbinations for diffusers with snouts: 
Stations 1-2 Stations 2-4 
Streamtube St;-eamtube 
Streamtube Emp i ri.cal data 
Streamtube Mixing equation 
Emp i ri ca 1 data Empi rical data 
Emp i ri ca 1 data Mixing equation 
60 
I t is pointed out that when the stream.tube or empi rical-data methods are 
used between Stations 2-4, it is always implied that the methods are used 
between Stations 2-3 followed by a mixing analysis between Stations 3 and 4. 
For diffusers without snouts, the analysis of the ~low between 
Stdtions 2-4 is independent of the option employed between Stations 1-2; 
this is indicated subsequently. 
Determination of Inlet Conditions, Station 
The inlet conditions to the diffuser which are available from 
the program input are: 
1. Mass flow, m. 
2. W~ight-mean total pressure, P l -
3. Total temperature, T
ol -
4. A nondimensional velocity p;'ofi le, u/U. 
5. The shape factor of the boundary layer, H,. 
6. The inlet blockage, l-E l , if the empirical-data method is 
to be used, or the fractional area occupied by the boundary-
layer displacement thickness, l-E bl , if the streamtube method 
is to be used. 
7. The fraction of l-E bl which is on the inner wall. 
If the streamtube method is used between Stations 1 and 2, this information 
is in the proper form to enter the method directly. 
If the empirical-data method is used between Stations 1 and 2, 
it is necessary to determine the static pressure and the inlet dynamic head 
from the above information. The static pressure is determined by an 
ni 
f I 
I ' 
! . 
[ 
iterattve solution of the foll~~ing relations: 2 . 
m -PlumlEIAl 
T..:L (-LjY-l 
Tol 
- - -
which also yields um1' JOl' and hence q1. 
Diffuser Performance Between Stations 1 and 2 
Th is is accomp 11 shed by e i the r the emp i r i c,a I-data me thod or 
the streamtube method, as previously described. A summary of the input 
and calculated quantities is given belQW: 
Streamtube Method Empirical-Data Method 
Input Calculated Input &alculatec 
* * 
. m P2'P(x i ) m P2 
- P2(r) PI PI E2 
* -
-
Tol u2( r) ql jJ2 
u1(r)/U El -* . um 2 
-
Ebl1 T2 
HI EbI2,6(Xt)~ H(X I' Cpt • 
Cpt * C * P 
C * 
. p 'ir* 
4* 
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The asterisks in the above table denote quantities which are printed as 
output data by the prograrn. The subscript i refers to axial locations 
of geometric input points. 
Inlet Flow Conditions for Second 
Stage of Diffusion 
For diffusers without snouts, the only additional information 
requi(ed is the mass flow split, mA, me' ms' This is supplied as input 
from th~ a i r-f 1 O\'oJ subprogram. 
For diffusers with snouts, the information required in addition 
to the mass flow spl i t, consists of the flow properties Ath' ~a' ~(or E) 
to be associated with the flows into the inner annulus, the outer annulus, 
and the snout. These are obtdined somewhat differently, depending upon 
whether the empirical-data method or the str~amtube method is used between 
Stations 1 and 2. 
If the empirical-data method is used between Stations I and 2, 
these quantities are determined as follows: 
1. The nondimensional annulus heights at Station 2 which bound 
the flow into the two annuli are calculated from (see sketch): 
l-E . 
VA 
2 mA 
E2 (51) = +-2 . m 
l-E m 
Ve = - ( 2 --B.. ) (52) -r + m E2 
1 -E 
u I-r- E2 ---tI It- 2 2 
..... 
o VA Va V 
2. The areas of the passage at Station 2 which are occupied by 
the mass flows mA, mel and mS are calculated from: 
\'t 
I 
I 
1 
I 
\ 
i 
i j 
.I 
~ I 
i 
_ l
.1 
: I 
-! 
- . 
- t 
_ 1 
'1 
- . 
I 
-! 
- t 
t 
_ 1 
-( 
- .;;;. 
~ i 
_I 
J 
I I 
: 1 
r -
1. 
t· 
f -
I ~ 
l • 
11 these [ .
Ath •2A c A2 VA 
Ath •2B • A2 (1 - VB) 
A = A A A th,2s 2 - th.2A - th,2B 
3. The inlet blockages associated with the flows into the two 
annuli are calculated from: 
rnA E2 
E~~ = ri1 VA 
.I 
and hence 
E, 
,. 
--I-V 8 
-1 
tJ2A,28 = E2A ,2B 
It is assumed that ,s2s = E2s = 1. 
4. The area-average velocities are determined from: 
- - E -
ua ,2A - 2A um2 
If the streamtube method is used between Stationsi and 2, 
same quantities are determined as follows: 
- -..... 
6] 
(53) 
(54) 
(55) 
(56) 
(57) 
(58) 
(59) 
(60) 
( 61) 
1. The area of ,he passage at Station 2, Ath,2A and Ath ,2S' which 
are occupied by the mass flows rnA and mS are determinded from 
Equations 42 and 43 applied to both mass flows. Then Ath ,2S 
is determined from Equation 55. 
2. The inlet area average velocities are determined from 
1 
u = ----
a,2A Ath ,2A 
(Aoth ,2A J udA (62) 
and a similar equation for Ua ,2B-
3. The inlet velocity profile parameters are calculated from 
~. , 
, 
(Ath,2A 
t'2A - JO u2 dA (63) 
. ::z 
A u th,2A a,2A 
a"d a simi lar equitt i on for .826 • Agal n, it is assumed that 
8 -= 1. 2s 
4. jf the empirlcal-~ata method is to be used between Stations 
• 
2 and 3, the inlet blockages associated with the flows In 
the two annuli are calculated from: 
52A 
Ebl ~2 (64) E2A -
02A + 628 
6 28 
E28 • E bl ,2 
(65) 
J 2A +028 
For the purposes of the diffuser analysis between Stations 2 and 
3, the areas of the diffusing passages at Station 2' are assumed to be 
and 
Ath ,28'- Ath ,28 cosJPC,8 
where j'C is the angle of the slope of the passage center-line relative 
to the axis of the combustor. This assumes In effect that the Inlet 
(66) 
(67) 
areas to the annular diffusing passages are the areas occupied by the " 
respective flows at Station 2, projected normal to the passage center-
line. It Is obvious that this assumption Is not valid when the areas 
Ath ,2A' and Ath ,28' differ substantially from the actual geometrical areal 
of the diffusing passages at Station 2' (A'2 cos~c). The output of the 
computer program Includes the ratios Ath.2B,/A2B' and Ath.2A,/AlA' (denoted 
as "are. mismatch at the snout" In the program). 
The Inlet dyn.·lc heads at the diffusing pallages are calculated 
~ 
I 
I 
6S 
frOM: 
. 2-
4 _ L mA i32A ua ,2A 
2A 2g 
o Ath ,2A' 
and a similar equation for q2B. The inlet dynamic head at the snout II 
determined from: 
1 '" u 2 __ s m 
2g 
o Ath ,2s 
Conditions on the Dome 
If the diffuser has no snout, the stagnation pr~ssure on the 
dome Is assumed to be constant and is determined by 
where 
Pd - P2 + (1 - Kd) q2 
1 ~- 2 
- - u 
q2 • 29 1'2 m2 
o 
(68) 
(69) 
(70) 
(71) 
The coefficient Kd Is an input quantity representing the number of dynamic 
heads lost In the mixing and flow processes occurring around the dome. 
The magnitude of Kd will depend upon the shape of the dome and the 
effectiveness of the diffuser between Stations 1 and 2, and is difficult 
to determine a priori. It is expected that its value would be in the 
range 0.2 - 0.5. 
For diffusers with snouts, the static pressure just Inside the 
snout, P2s " is determined by assuming a sudden contraction or expansion 
process between the areas Ath 2 and A2 ' (the actual geometric area of 
, s 5 . 
. the snout entrance); this Is accomplished by the application of Equation 
44 or 45. The dynamic head Just Inside the snout Is calculated from 
A 2 
- th,2s-
q2s'- (A ) q2s 
25' 
The total pressure on the dome II then calculated from 
66 
Pd • P2s' + (1 - Kd) Q2S' 
where Kd Is an Input quantity representrng the number of dynamic heads 
lost In the flow through the snout. 
Diffuser Exit Conditions If 
No Sr.out is Present 
(72) 
If no snout is present, the diffuser exit conditions at Stations 
4A and 4B (the entrances to the annuli) are calculated by assuming that 
the flow expands isentropically from the dome stagnation pressure determined 
by Equation 70. For either annulus, the conditions at Station 4 are 
~ompletely determined by mA {or me) 5 To' Pd, and A4A (or A4B). 
Diffuser Performance Between Stations 2 
and 4 for Oi ffusers wi th Snouts 
The procedure for determining the performance of the diffusing 
passages between Stations 2 and 4 depends upon the diffuser-analysis 
method employed. The procedures are indicated below. 
Mixing-Equation Method 
In this case, the procedure Is Identical do that described 
previously. The inputs required for the analysis are mA, P2' Q2A' ~2A' Ath ,2A' 
and a similar set for the outer an~ulus; these are d~termlned in the manner 
Indicated In the previous paragraphs. The calculated quantities are 
CpmA' CpA' ~mA' P4A' T4A , P4A and a similar set for the outer annulus. 
All of these quanti ties are printed out by the c.omputer program. 
Streamtube Method 
In thll method, three Itepi a~e Involved Iln,e the ba.l, Itream-
tube anal ys II Is on 1 y app 11 cab I e between Itat 1 onl 2 and 3, and doe. not 
/1 
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consider any losses due to expansion or contraction of the flow at the 
snout lip. The steps are as follows: 
1. A basic streamtube analysis, as previously described, is 
performed between Stations 2A-3A and 2B-3B. The inputs 
required for this analysis are mA, Ath ,2A" P2' u2(r), 62A • 
H2A and a similar' set for the outer annulus; in addition 
it is assumed that the boundary-layer properties on the 
snout lip are ~= 0 and H = 1.4. The only calculated 
quantities which are used subsequently are the static 
pressures, P3A and P3B' and the profile parameters, ~3A and 
~3B' which are computed from Equation 63 applied to Stations 
3A and 3B. The diffuser performance parameters C , C ., and p pi 
~as obtained from this analysis are printed as program 
cutput, however. 
2. It is assumed that the profile mixes to a uniform one 
between Stations 3 and 4. The static pressure at Station 
4 in the absence of area mismatch at the snout lip is 
accordingly obtained from Equation 5-7 in Appendix V: 
1 A A3A 
- - ( 1 + 3A) (13.3A - -) 
- Q 2 A4A A4A 
1-13A 
3. The effects of any area mismatch at the snout are rather 
crudely approximated by assuming that the total-pressure 
loss between Stations 2 and 4 due to this process is given 
by the sudden expansion or cont,raction relations (Equations 
46 and 47), and that this loss may be applied directly at 
!! 
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Station 4; that is, ir. the inner annulus for example: 
1 
::: 2 
A2AI Ath, 2A.)2 f1 - -) ( 
'f A 
'th, 2A I 2A I 
(74) 
if A2A,/Ath,2A'~ 1. P'4A is the total pressure corresponding to 
P'4A' To' mA, and A4A · 
The calculated quantities are the diffuser performance parameters 
C
pm
' C and~ betwe<:.n Stations 2A-4A and 28-48, and the·/l~ conditions p, rn 
P4A' P4A' T4A , P4S' P4S J and T4S • All of tnese quantities are part of 
the printed output of the computer program. 
procedure: 
Empirical-Oata Method 
As in the streamtube method, three steps are involved in the 
i. The basic empirical-data method, as previously described, 
is performed between Stations 2A-3A and 2S-3B. The inputs 
required for this calculation are rnA' Ath ,2A" P2' q2A' E2A , 
and a similar set for the outer annulus. The only calculated 
quantities which are used subse~uentl~ are the static pressures 
P3A and P4A' and 
-1 f; 4A ( = E 4A ) • 
Q -1 the profile parameters ~3A ( = E3A ) and 
The diffuser performance parameters C , C ., P pi 
and ~ as obtained from the basic method are printed as 
program output. 
2. A mixing analysis is applied to the flow between Stations 
3A-4A and 3B-4B. This is indentical to the procedure used 
for the streamtube method. 
3. The affects of any area mismatch at the snout are included 
in the manner used fer the streamtube method. 
The calculated quantities ~nd the program output are identical 
n . 
( 1 
! I 
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to those of the streamtube method. 
Structure of the Subprogram 
The diffuser subprogram consists of: 
1. A subroutine which sets up starting conditions and directs 
the diffuser calcu1ation through the other subroutines in 
the appropriate sequence. 
2. A group of subroutines which perform the streamtube analysis. 
3. A group of subroutines which perform the empirical-data 
analysis. 
4. A group of library subroutines which provide gas properties 
and interpolation p~ocedures. 
Detailed flow charts and the program listings for the diffuser subprogram 
are presented in Volume I I. 
7C 
AIR-FLOW SUIPRCGRAM - ANALYTICAL METHODS AND PROGRAM DEVELOPMENT 
lntrod~l.2n 
The main objectives of the air-flow subprogram ere: 
1. To calculate the air mass flow and pressure distribution 
in the flame tube and annuli and, hence, the overall 
pr<::;sure loss. 
2. To provide a starting point for the heat-transfer 
calculation by working out the temperature and velocity 
distributions of the gases in the flame tube and annuli. 
To facilitate analysis, flow in the combustor is broken down into 
distinct but interacting streams: 
\. The annulus air {inner and outer annuli}. 
2. The air flowing into the flame tube through: 
a. Sw i r I er. 
b. Dome ho leSe 
c. Penetration holes in the flame tube. 
d. Wall-cooling slots in the flame tube. 
e. Porous flame-tube walls. 
3. The mixture of fuel, air, and combustion products flowing 
through the primary zone (the flame tube upstream of the 
secondary holes). 
4. Parallel streams flowing through the flam~ tube downstream 
of the primary zone: 
a. The hot stream, a mixture of combustion products, 
unburned fuel, and air. 
b. The cold streams, those portions of the penetration 
jets and wall-cooling films, originating upstream, 
that remain unmixed at a given axial position. 
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This section of the report Is devoted to a detailed description of 
the calculation methods and general organization of the air-flow subprogram. 
Assumptions 
The air-flow calculation rests on the following main assumptions, 
In addition to those discussed under OVERALL APPROACH: 
1. The primary zone can ~e treated as a stirred reactor: 
a. Static pressure, temperature, and fuel-air ratio 
are uniform throughout the zone. 
b. Mixing and burning occur Instantaneously. 
This is one of the major simplIfications In this work, and 
It precludes the pf}sslbi llty of calculating, for example, 
pressure distributions in this zone. It will be particularly 
invalid at low pressures, when burnIng In the primary zone 
is reaction-rate limited, unless an accurate estimate of 
the fuel-burning-rate distribution (see assumption 3) has 
beer. made. 
2. The flow can be considered to be one-dimensional. This 
represents a considerable simplification, particularly 
In the case of the gases in the flame tube. However, 
reasonably simple methods are not available at the present 
tIme for treating flow and heat transfer In a gas stream 
havIng non-uniform temperature and velocIty profiles. 
3. The rate of fuel burning as a function of axial length 
can be specified as Input. This assumptlo~ makes the 
calculations. easier but a realtstic estimate of the fuel-
~' 
I 
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burning rate will be difficult to make, particularly 
(as mentioned above) at low pressures. If the fuel-air 
ratio at any axial position, which will ~ot be known in 
advance, exceeds the stoichiometric value, the excess 
fuel is assumed to be available for burning at the next 
downstream position. 
Calculation Procedure - Outline 
In calculating the flow conditions throughout the combustor, 
the air-flow subprogram goes through the following routine for each 
iteration on the mass-flow split: 
1. The mass-flow rate through the dome is obtained from the 
flow split, and the total pressure on the dome is obtained 
from the diffuser calculation. 
2. The pressur~ drop across the dome to the primary zone is 
found by equating the combined swirler and dome-hole flows 
(functions of pressure drop) to the total dome flow. 
3. With the primary-zone static pressure established, flow 
conditions in the annulus and flow though flame-tube holes 
into the primary zone are computed for calculation stations 
up to the $econdary holes (the end of the primary zone). 
4. The portion of the secondary-hole flow that recirculates 
into the primary zone is calculated, either directly by the 
program or from a fraction specified as input. 
All of the contributions to· primary-zone air flow (through the swirler, 
dome holes, and flame-tube holes up to the secondary holes) are now known. 
In addition, the fuel flow into the primary zone is known from input. 
i 
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5. The temperature rise due to combustion is calculated for 
the primary zone treated as a stirred reactor. (Excess 
fuel above stoichiometric Is carried downstream.) Flow 
conditions at the end of the primary zone are then found. 
For the remainder of the calculation the combustor is divided Into axial 
control volumes bounded by adjacent calculation stations k and k + 1. 
Calculations proceed downstre~ from station to station. In general, the 
flow conditions at the upstream station, k, are known from the results of 
the previous calculation step. Cond~tlons at 'the downstream station are 
found as follows: 
6. From the annulus-to-flame-tube pressure drop at station k 
the mass flow rate through the holes just downstream of 
k is found. The mass flow remaining in the annulus is then 
known. 
7. For the annulus. the equations of momentUM, energy, continuity, 
, 
and state are solved for the pressure, temperature, velocity, 
and density at station k + I. 
8. Correlations for flow and mixing of w.ll ~ penetration 
jets are used to compute the fluxes of mass, axlal momentum, 
and enthalphy contained in the jets entering the control volume 
(through holes at station k and In the fo~ of residual jets 
originating upstream of k) and le.vin. the control volume 
(residual jets at k + 1). The net transfer of mass, 
< 
momentum, and enthalpy frOM the jets Into the main gas stream 
In the flame tube m.y thus be found. 
9. The equations of momentUM, energy, continuity, and state are 
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written for the hot stream in the flame tube (excluding 
residual jets) between stations k and k + I. Heat addition 
is included for fuel burned, up to stoichiometric; any 
excess fuel is carried downstream. The solution of these 
equations yields the temperature, pressure, density, and 
mass flow at station k + 1. 
The sections that follow describe the detailed calculations 
that are performed in each of the above steps. 
Flow Through Holes and $wi rleri Swi rler .~~ .. :~signi Reci rculation 
Flow Through Holes 
The mass flow rates through the holes in the dome and in the 
flame-tube walls are calculated from the discharge equation: 
"'h :: Cd Ah ( 290 Pan (Pan - Pft) )1 
where P -= total pressure in annulus 
an 
= Pan + qan 
qan II; Pan 2 /2 uan 90 
Cd = di5charge coefficient 
Discharge Coefficients 
(75) 
For dome holes a value of 0.6 is used for the discharge coefficient. 
For flame-tube holes a table of experimentally measured discharge 
coefficients for 100 hole types is supplied as library data. An index to 
these hole types is given in Table of Volume I I . (Data for other hole 
types may be added to the library as required.) The tabulated data are 
drawn from experiments reported by Venneman (Refs 28 and 29), Marshall 
(Ref 30), Kaddah (Ref 31), and Dittrich and Graves (Ref 32 and 33). 
! 1 
. I 
·~I 
, 
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The discharge coefficient is plotted against the hole pressure-
loss factor~ 
= (76) 
where = 
Pft = Static pre~sure In flame tube 
Pressure-Ratio Correction 
It has been shown by Dittrich and Graves (Ref 32) that the effect 
of flame-tube velocity on discharge coefficient can be predicted by: 
where 
c1 d 
= 
= 
= c
l (0.75 d + 0.25 p /Pf) an t 
the actual discharge coefficient (which is a function 
of pressure ratio' 
the "corrected" discharge coefficient (which is in-
dependent of pressure ratio) 
(77) 
The values given on the library tape are corrected discharge coefficients. 
In Equat 10n 77, P is replaced by P if the hole is a an an 
scoop or other total-head device. 
Swi r1er I"low 
The equation used in the program for the flow through a swir1er 
was taken from Reference 3~: 
where 
P [A 2 ~ sw = K ref 
qref sw A 2 
sw 
2 A = area, ft 
2 
sec Q -
tJ sw 
m = mass flow, lbm per sec 
q = dynamic head, lbf per ft 2 
A 2] re~ 
~ft 
m 
sw 
2 
. 2 
m
ref 
(78) 
/I' 
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~. swirler angle 
6Pd a total-to-static pressure drop,· lbf per ft 2 
sw • swi rler 
ref = reference condition 
ft == flame tube 
In the program the constant K has been given a value of 1.3, which is 
sw 
suitable for straight-bladed swirlers. For curved-wall swirlers. the 
value of K could be changed to 1.15. 
sw 
Swi rler Des i 9n 
A comprehensive literature search brought to light virtually 
no work on which such a sound theoretical swirler design method could be 
based. The method used is therefore based on an examination of swirler 
designs that have previously been used on 16 combustors. mainly of the 
tubular type. The results 3re shown in Figure 10. Although the range of 
Oft does not cover the value~ normally encountered in annular combustors, 
the following may be used until more information on swirlers is availabla: 
Swirler 0.0. • 0.225 Oft + 0.75 in 
Sw i r 1 e r I. ° . 0.10 Dft + 0.25 in 
No. of Blades· 8 
Blade angle = SO degrees 
Recirc.ulation 
In an actual combustor a complex pattern of recirculating flow 
exists, particularly in the primary zone. Representation of recirculation 
is introduced in the computer program by a provision for partial recircula-
tion of secondary-ho'le flow upstream into the primary zone. Only the flow 
through the secondary holes is treated in this way. 
The fraction of secondary-hole air flowing into the primary 
zone, msy,p/msy ' may be specified as input to the computer program. 
This must be set tv zero if recirculation is not to be considered. If 
the recirculation fraction is not specified as input, it is generated 
within the program from ,the foil owi"g formu 1 a: 
, 1/2 
::: ' p cO. 5 5 i n r [~ :: ] 
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(79) 
This is an empirical expression based chiefly on measurements obtained by 
Rosenthal (Ref 35) in a tubular combustor. 
The air entering the primary zone by recirculation from the 
secondary holes is treated in exactly the s~me way as air entering through 
swirler, dome, and wall holes. Air going downstream is treated as 
ordinary penetration-jet air. 
Primary Zone of Flame Tube 
Pressure 
The pressure in the primarl zone, PI' is found from the pressure 
in the diffuser upstream of the dome, Pd , obtained by the diffuser sub-
program, and the pressure drop across the dome, which is a function of 
the flow through the dome and the characteristics of the swirler and the 
dome holes: 
where 
P d - PI = 
ref 
md =- tota I flow th rough dome 
z msw + mdh 
mdh • flow through dome holes 
2 
rr 
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Cdh = discharge coefficient of dome holes 
K = coefficient in swirler pressure-drop equation 
sw 
a = blQde angle of swirler /'-"'sw 
Aft = cross-sectional area of primary zone 
This equation i~ derived in Appendix VI. 
Temperature Rise 
The energy equation for combustion in the primary zone takes the 
foll owi ng form: 
where 
. 
ml h· T a I r, 1 
ml = air mass-flow rate 
. 
mfb = fuel burning rate 
q 
== 
heat release rate 
h . = enthalpy of air 
air 
+ q = (m l 
h = enthalpy of combustion products prod 
+ mfb ) h prod, T 2 
and subsaipts 1 and 2 refer to conditions before and after combustion 1 
(81) 
respectively. Velocity terms have been neglected because mean velocities 
in the primary zone are usually quite small. 
The enthalpies of air and combustion products are calculated 
from the expression: 
h = Jc P .dT (82) 
where the specific heat of air as a function of temperature is correlated by: 
. 
. c p = 0.2419 - 0.8181 x 10-5T + 17.91 x 10-9r 2 - 2.743 x 10-12T3 (83) 
!f 
L 
r 
[1 
, 
I . 
I 
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The dAta of Fielding and Topps (Ref 36), shown here in Figure 11, have 
been used to modify Equation 83 for calculating the specific heat of 
combustion products: 
where 
c = 0.2419 + 0.103f - (0.8181 - 22.6f) 10-5T p 
f = local fuel-air ratio. 
This equation is suitable up to stoichiometric values of the fuel-air 
ratio: 
fstoich = 0.0867' ( : : ~~~C ) 
where H/e = fuel hydrogen/carbon ratio by mass. 
Dissociation 
(84) 
(85) 
There are two factors in the heat balance for the primary zone 
{or between stations in the flame tube}: 
I. Burning of fuel. 
2. 9issociation of products of combustion. 
The equations for c given above neglect dissociation effects; p 
Hodge (Ref 37) suggests that dissociation may be represented by defining 
an effective calorific value of the fuel: 
where h = fuel lower calorific value, per unit mass of fuel p 
~heff,p = energy supplied to cause dissociation of combustion 
products 
In Figure 12, curves of 6h ff are plotted as a function of 
e ~ p 
temperature, pressure, and fuel-air ratio, for combustion of a fuel in 
air. The effect of pressure is ignored in the present work and the curves 
!f 
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are approximated by: 
f 
where f = local fuel-air ratio 
T2 = temperature of products of combustion 
If the energy of dissociation is related to the enthalpy of the 
products, then the enthalpy of the products, including the effects of 
dissociation, hi d' is given by: pro 
where f = fuel-gas ratio g 
f 
=--~ + f 
+ 
Tb = base temperature for enthalpy 
= 459.7 deg R 
, f 
f 
9 
Thus dissociation has the effect of lowering the temperature of the 
combustion products. 
Hence for the combustion of fuel in a vitiated gas, when the 
enthalpies do not include the effects of dissociation, the heat release 
. 
rate, q. is adjusted to account for dissociation and recombination. 
general, for combustion between condi tions I and 2: 
[m: T 7.5 . T 7.5 ] q = mfb hp + 3 x iO- 26 m2 I 2 + f I I ~ f2 
where mfb = rate of burning of fuel 
For combustion in the prirnary zone the temperature rise is very large 
and the T~·5 term in Equation (86) may be ignored. Equation (81) is 
now solved for T2 , the primary-zone temperature. 
In 
(86) 
The empirical method described above is widely used and gives 
satisfactory results in practical cycle-performance calculations. 
[ . 
,-
.l _ 
I -
f -
Density and Velocity 
The density is four.d from the equation of state: 
_ PI f12 - R T2 
and the velocity from the continuity equation: 
ril2 
U = -...;;..-
2 .P 2 A2 
where 
Hot loss 
81 
The "hot loss" of total pressure, which is the change in total 
pressure due to heat addition, is given by 
Flow in the Annulus 
.6 Phot = P 1 - P 2 
;;2 v2
2 
= 
2g 
o 
The equations of momentum, energy, continuity, and state are 
(87) 
now set up for a section of one annulus between adjacent calculation stations, 
labeled 1 and 2 in the sketch below. 
Al All A2 
I • 
-4 I I ~ P I 0 . I I P2' u2 ' m2 Pl ' u l ' ml .. 1 I ;-+ 
I ul 
I I ~ 
• I 
I I 
0 I m2 
-- -.- ..... I 
-+ '\.' I I r I ----. I 
I I~ (m l - m ) G) 0 C0 2 
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The resulting equations are then used to cai~ulate Gonditions at Station 
2 from the known conditions at Station 1. 
Momentum Equation 
Derivation of the equation for conservation of momentum between 
Stations 1 and 2 is complicated by the fact that, in the general case, 
the annulus wall between these ~tations contains a hole through which 
some momentum flows. To deal with this complication the calculation is 
carried out in three steps. 
F j rs t, the flow th rough the ho 1 e, mh , is found f rom the ho 1 e 
type and size, the pressure drop across the hole, and discharge-coefficient 
data. (An expanded discussion of this topic wi 11 be found later in this 
section.) 
Second, it is assumed that the air remaining in the annulus at 
Station 1 I, immediately downstream of the hole, undergoes a sudden 
expansion. The resulting total-pressure loss is given by the following 
empirical expression, from which P 11 the total pressure at Station 
an, 
1 I, may be calculated: 
P - P an, 1 an, 1 I 
2, 
= 1.85 Pan, I u an, 1 
2g
o ~ ] 1 I ( 5+ 242M2• 21 ) mi. _. an, h ' 1 .36m I an, (88) 
(This expression has been obtained by fitting the curves of Figure 13, 
which is taken from a review of empirical data on total-pressure losses 
due to sudden expansion in compressible flow, Reference 38.) With the 
total pressure at Station 11 known, the other flow conditions at Station I I 
may be found f roo. the equat ions for the i ser''( rop i c' flow of a perfect gas 
between Stations I and II. The most convenient approach is first to 
calculate the Mach number at Station 11, Mil from the following equation: 
an, 
·1 
J 
. I 
I 
, f 
":1 
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m an, )1 [_ :an.2] =[:f p an z I I M an I I ! i '1 + 1 A an, I I T "2 
[ + 
2 (1 - 1) an, ) 0 r-
I 2 J M an, I I 
2 
where To = stagnation temperature, assumed to be con~tant across the 
expansion 
= T + 
an, I 
2 
u 
an,1 
2C 9 J p 0 
The static temperature and static pressure are then determined from: 
Tan,I' := 
T 
y~ 
1 +-2~ M2 an,l' J-I o 
Pan, I~ 
p 
an, I I 
~ 
n 
Then from the equation of state the density at I I 
= Pan. J .~ " 
RT . I 
an, I 
From continuity, the velocity is: 
u an, I I 
ITt 
= __ ..;;;a~n;..c.'..;.I_I_ 
f'an, ),Aan, 1 
is: 
Thus, the assumption of a sudden expansion at Station 11 permits all of 
the necessary flow quantities at that station to be computed. 
(89) 
The third step is to apply the momentum equation for flow between 
84 
Stations l' and 2: 
o A + m 
, an, l' an, 1 an. 2 
)(2 
u 1 ,/g + S an, 0 )( 1 I 'dA. Pan d:"" dx 
where F = 
= 
friction factor (Fanning) 
- 42 0.0035 + 0.264 Re .. 1 (Ref 39) 
an, 
A = wetted wall area per unit length 
w 
A number of simplifications ar~ made in this equation. Since 
(90) 
the pressure losses due to wall slope 3nd' friction are small terms in the 
equation, an iteration loop can be avoided without a significant loss 
in accuracy by writing: 
where CA and CB are the inner and outer wall areas per unit length 
between l' and 2. 
The integral pressure term can be evaluated if it is assumed 
that flow between Stations l' and 2 is incompressible and that the mixing 
rate wi l! be delayed by diffusion. With these assumptions the integral 
pressure term may be integrated as shown in Appendix VI I, yielding: 
dA 2A A 
an , 1 an , 2 + p A - p A 
an,2 an,2 an,I' an,1 
dx A + A 
an,1 an,2 
, 
d 
] 
] 
] 
. I 
IT"l II 
nl 
, 
I 
I 
u 
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The final momentum equation thus becomes: 
2 A A 
antI an,2 ( ) 
A + A Pan, 11 - Pan,2 -
an, 1 an, 2 
2 
F (C + C ) Pan, 1 I U an, 1 I 
A B 2g
o 
(X 2 - XII) = 
"'an,2 (uan ,2 
(91) 
Energy Equation 
The energy equation for flow in the annu:us between St.tions I' 
and 2 is: 
[ h (T .) + u
2 1/2g J] 
an,l an, 0 m an,2 
= [h (T 2) an, + u
2 
2/29 J] m 2 an, 0 an, 
where k(T) = static enthalpy of annulus air at temperature T 
= heat transfer rate from unit area of the flame tube wall 
to the annulus air 
The casing temperature is normally assumed to be equal to the compressor 
delivery temperature. Even when a different casing temperature is specified, 
however, the heat-transfer rate between casing and annulus air is assumed 
to be negligibly small. 
Since the variations in annulus air temperature are normally 
small, h(T) may be assumed equal to cp(T~Tb)' where cp is a mean specific 
heat. If mean values are also assumed for 4w and CA, the simplified energy 
equation becomes: 
(c T + u 21/29 J) m + it CA (x2 - xl) p an, 1 an , 0 an, 2 w (92) 
= (c T + u 22/29 J) m p an,2 an, 0 an,2 
86 
Continuity Eguation 
The continuity equation for flow in the annulus between Stations 
1 and 2 is written as follows: 
P u A ~ /~ an, 1 an, 1 an,' an, 2 an,' = p u A an,2 an,2 an,2 (93) 
Equation of State 
The equation of state for the annulus air is: 
Pan , 1 = Pan,2 
= R (94) 
Pan, 1 Tan, 1 )Jan, 2 Tan, 2 
Method of Solution of Annulus Equations 
Since the mass flow through the holes between Stations 1 and 2, 
mh, is known, the downstream flow in the annulus, m 2' is simply: an, 
m =m =m -m an,2 an, 1 ' an, 1 h 
There remain four unknowns, U 2' P 2' ~ 2 and T 2' which can be an, an, ran, , an, 
found by solving Equations 91, 92, 93, and 94. 
These equations are easi ly reduced to a quadratic in u
an
,2: 
2 82 u + 8 , u - 8 = 0 an,2 an,2 0 (95) 
where 82 
Jc A + A 
= 
- ----L an! 1 an, 2 
R A 
an,l 
2 g Jc [Pan. , ' A an~2 (A + A ) 8 - o '12 + u ,an z 1 an z 2 • 1 R . an, 1 2 A m 
an,2 go an, 1 
J 
HI 
'··1 ~ rl j "J J . 
TJ 1 I 
tr 
, 
i 
! . 
Ii 
8 2 2g Jc [ Tan. 1 + qw 
CA(Xl-x l) ~ - u + 0 an,l o p . ~p m Ctn,2 
The solution of Equation 95 is 
-8 + j81
2 
+ 48
0
82 u = 1 an,2 
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where physical reasoning dictates the choice of the positive root. 
Wit L.. 1I k n .... ··n E • 4 ~ 2 'J~ quet"ons 91,93, and 9 are solved for an. . 
Pan,2' 0 an, 2' and T . J an,2" 
m 
- p + a 2 p an ,2 an, 1 I _ n, 
A 
an,2 
A + A ( an, 1 an 12) 
2 g A 
o an, 1. 
m 
an z2 
Pan,2 = A an,2 u 
T = 
Pan .2 
an,2 R Pan ,2 
Introduction to Jet Flow and Mixing 
2 A 
an, 1 
an,2 
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(96) 
The flow characteristics of jets entering the flame tube through 
holes and cooling slots is treated by the use of empirical correlations 
for: 
1. The length of the jet (measured along its center line). 
2. The cross-sectional area of the spreading jet as a function 
of jet length. 
3. The jet center-line velocity and temperature as functions 
of jet length. 
88 
4. The development of the nondimensional ve ocity and tempera-
ture profi les across the jet with jet length. 
Two sets of correlations are provided, one for wall jets (where the air 
enters the flame tube through a cooling slot in a direction parallel to 
the wall) and one for penetration jets. These two types of jet are 
i ilustrated in the sketch. 
~ / 
/ I 1/ / 
I II , 1/ 
--~~~/-------------­
Penetration Jet 
--
--- --
-
" ....... 
...... ~ 
............ 
............ .. 
Wall Jet 
........ ........ 
~-
Once t~e jet properties have been estimated, the rate of mixing 
of the jet air into the main gas stream is estimated according to one of 
three optional mixing models. The same model, chosen by the user of the 
program, is used for both penetration and wall jets. 
The characteristics of penetration and wall jets and of the 
three mixing models are given detai led discussion in subsequent sections. 
Characteristics of Pentration Jets 
The dimensions used in describing jet behavior are shown in 
I 
] 
-, 
I 
] 
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the sketch below, where x is the direction of flow of main-stream gas in 
the flame tube, y is jet penetration distance normal to the flame-tube 
wall, s is distance along the jet centerline, 1? is transverse width 
of the jet (measured normal to the jet center-line along lines of constant 
s), and '-Pis the angle between the initial jet trajectory and the flame-
tube wall at the entry hole. 
y 
s 
x 
Initial-Jet-Angle Data 
The jet-mixing correlations, and the momentum equations in the 
flame tube, make use of the initial jet angle 'P. This is avai 1able as a functi.c;m 
Qf pressure-loss factor for 47 of the hole types in the library data. Where 
the data do not exist, the following correlation is used: 
where 
'C 
. 2'f d 
sIn = ~----C dn 
Cdn = the asymptotic value of Cd as 1 + 
infinity 
This appraKimation gives reasonable results for round flush holes. For 
total-head devices its accuracy is unknown; in particular, the following 
(97) 
If 
, 
-' 
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assumption must be made: 
• Lf = 90 degrees when Cd ~ Cdn 
• Penetration Distance 
The penetration distance y, measured from the wall to the jet 
,.enter-line, is calculated by an empirical correlation of experimental data 
obtained from 18 sources (Refs 40 through 57): 
y 
where 
u. 
J ,0 
0.47 0.85 0.32 
o 87 d (Pan) (~) (~) 
• . h Pft uft dh 
• effective axial length of hole 
• (Cd)Y x axial length 
• 
• 
initial jet velocity 
mh 
JOan Cd x hole area 
sin 'f (98) 
It is assumed that there is no change in density of the jet as the air passes 
through the. hole. Equation 98 is plotted in Figure 14. 
Jet Center-Line Velocity 
An empirical equation for the jet center-line velocity has 
been obtained by fitting curves to the experimental data of Keffer and 
Baines (Ref 56, Fig 11), shown here on Figure 15: 
Sl 4 cr.< 3. 5 
J 
Sl 
3.45 <T.< 5.2 
J 
51 
5.2<([ 
J 
u. '" • J ''I:. 
u. ~ • J ,~ 
u. J ,0 
The effective distance along the jet center-line, s', used in the above 
. I 
f 
. I 
_ t 
~l 
.. ;.: I· ., ; 
H 
t 
, 1 
I 
r 
[ -; J 
91 
equations. is calculated (Ref 56, page 492) from: 
u. 
s· S + (2.93 - 0.279~) d. (100) 
U f t j 
where s ( 101) 
d . = e f fee t i ve i '1 i l i a 1 jet d j ame t e r . 
J 
1 
(Cd' Hole Area. 4/n)2 
Transverse Velocity Profi Ie 
The correlating equations for the jet velocity profile, expressed 
in terms of the transverse coordinate,,?, are obtained from Figure 16 (Ref 
56, Fig 9): 
Uft + [0.5 cos (~~) + 0.5J u. J ,11 = (u. - uft ) J ,to 
uj ,"II = uft + I .74 e -I .25"11 "'! (Uj,~ -u ft ) (102) 
where, from Figure 12 of Reference 56: "II! = 0.215 s' 
Transverse Temperature Profi Ie 
The transverse temperature profile is assumed to be similar in 
form to the transverse ve10city profile. The Prandtl number is proportional 
to the relative spreading rates of velocity and temperature profiles (Ref 58). 
Since the Prandtl number for air in the Jets is about 0.7 for typical annulus-
air temperatures, the dimensionless temperature profi Ie is assumed to be 
roughly 1.4 times as wide as the velocity profi Ie at a given position along 
the jet. For the same reason, the center-line temperature decreases more 
rapidly than the center-line velocity. The expressions relating temperature 
to velocity are then: 
!f 
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T. - Tft J .11 
where Tjll • 11/1.4 
_ uj,'!),,-u ft 
u. ,. - u f J ,~ t , 
4 8 u.... - u 
• ~ ( J .,. s' f t) 
6.5 u - u J,o f~ 
(i Q3) 
(104) 
The constants were taken from reviews of jet data by Forstall and Shapiro 
(Ref 58) and Squire (Ref 59). 
Calculation of Jet Properties 
Examination of the data of Jordinson (Ref 57), reproduced here 
in Figure 17, shows that the cross-sectional area of a jet in a plane normal 
to its center-line may be represented by: 
A. = 0.12 m*1. 8 
J , cs l 
where 7 * = the value of Yf at the assumed jet boundary. 
The jet area normal to the combustor axis is then given by: 
where LD = 1 . J 
A. 
J 
I oca 1 jet ang 1 e 
"kl 8 
= 0.121) '/cos'f'j 
-1 [ d 21 -1/2 
= cos 1 + (~) J 
(105 ) 
Other jet properties needed for solution of the flame-tube 
equations may be calculated as follows: 
m. = !*p. u. o . 12 xl. 811 0. 8 " d1) (106) J o J J ,1) 
.'. ]" 
2 1 .811 0.8 .d1) 1ft. r O. 12 x (107) = J Pj u. cos'f . J J ,1) . J 
0 
oJ. 2 If u. 0.8 
h. 
-50 Pj u. 1\ <; (T. ~ - Tb) + II!! O. 12 x 1. 8 'll d"tl J J , P J, 2 g J 0 
( 108) 
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)'-The value of ~~ depends on the mixing correlati~n employed; this topic 
is discussed after the wall-jet corfelations have been presented. 
Characteristics of Wall Jets 
A large number of corr~lations for wall~jet character!stics are 
available in the literature; most give essentially identical r~sults. The 
methods described have been chosen mainly on the grounds of simplicity. 
The symbols used are defined by the sketch below. 
x 
Max i mum Ve 1 oc i t Y 
The maximum velocity in the wall jet is calculated from equations 
derived by Kruka and Eskinazi (Ref 60, Eqs 16, 17, and 18): 
where 
x :';.- a S I = a 
u. ct = uh J , 
x = x + dx 5· = s I + 
u. t = Uft + J , 
Uh = initial j~t velocity 
mh 
= o C x slot a rea 
ran d • 
Uft (1 - -) dx 
u. t J , 
0.0287 y f 
Uft) -~ (u 
v( 125 I) h 
(109) 
,If' 
94 
- o.~ 
The above equations apply for values of Uj,t bet't/een uh and uft • Otherwise, 
uj ,t is ~et equal to uh ' 
Ve 1 oc i t Y Pro f i 1 e 
For purposes of analysis. the velocity profile is divided into 
two sections about its maximum. Near the \'1all (ll ~~) the equation of 
Kruka and Eskinazi (Ref 60) is used: 
\o'Jhere 
u J,1I - u f t 
uj ,t_ - uft 
~ = perpendicu13r distance from wall 
C iii 1.0 
n ii 10 
a 1 = 0 .0 1 095 I 
Since n is so large, it is sufficiently accurate to ignore the precise 
shape of the profile and to aS5ume: 
In the outer region (11)6 , ) the equation of Harris ('Ref 61, Eq 21 !i\ s): 
where k 
I 
11 
11~ 
= 0.6;3 
11 - 6 1 
= 11!- - 6 1 
= 0.0655' 
uj;l] - u ft 
U j,t. - U ft 
(Spalding, Ref b2 Table 1) 
( 110) 
( 111) 
(112) 
! t 
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Typical profiles are shown in Figure 18. 
Temperature Profile 
The same assumptions as before (Equations 103 and 104) are made 
about the relati')n between the velocity and temperature profiles. 
Calculation of Jet Properties 
The equations for the properties of wall jets are similar to those 
for penetrat i on jets (Equations 105 to 108). The maj or difference is in 
the expression for elements of area. 
.t. 
" the inner wa 11 ( 113) A. = CA 1l on J 
.t. 
1l" 
m. = cAI p. u. .dl1 { 114} J 0 J J;TJ 
.t. 
11" 
m. CAL p. 
2 
.d1l ( 115) = u. J 
. 0 J J ,'ll 
.t. 
:tI" [Cp h . cAfo (T.1'( - Tb) 2 ] . tift ( 116) = p. u. + 1 u. . J J J;TJ J ' '2Q j J, ~ 
--0 
Jet-Mixin9 Models 
Three of the mixing models ~se the jet properties calculated 
above to predict the rate at which the penetration and wall jets mix into 
the gas stream. The quantities calculated are the mass flow, axial-
momentum flux, and enthalpy flux I"emaining in the jet as functions of 
distance downstream from its point of origin. The fourth model assumes 
instantaneous mixing. 
For each model the rate of mixing is governed by an entrainment 
constant, C, which is selected by the user, along with the mixing model 
to be used, as input to the computer program. The exact function of the 
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entrainment constant varies from model to model, as is explained below. 
Mass-Loss Model 
. 
This is a simple model in which a specified fraction of the 
initial mass flow in the jet is assumed to mix with the main stream for 
each unit of distance along the jet. (In this model the above more 
sophisticated calculations of jet properties other than length are ignored.) 
The mass flow remaining in the jet, m., is then 
J 
given by: 
m. =- mh (1 - C slId.) J J (117) 
The entrainment constant, C, may be assigned any value between zero (no 
mixing) and one (instantaneous mixing). 
lhe other jet-f,ow quantities are calculated directly from the 
residual mass flow, with the jet velocity, density, and temperature assumed 
uniform: 
A. =-
J 
rho 
I 
P u. cos "'. an J, 0 1 j 
1Yl. = m. u. cos f. J J J,o j 
Equivalent-Entrainment Hodel 
This model starts with the actual mass flow in the jet, m. t J , ac , 
as estimated from Equation 106 for penetration jets or 114 for wall jets. 
In these equations the integration of mass flow is carried across the 
* jet to a value of the jet width,l1 • large enough that virtually aI' 
of the jet is included. The excess of this mass flow over the initial 
flow thro\.lgh the hole, m. t - mh, is the mass flC1il of gases that have j,ac 
( 118) 
( 119) 
(120) 
II ! 
" ; 
" 
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been entrained into the jet from the main stream. It is then assumed that 
a fraction C of this entrained mass flow represents the jet mass flow 
that has been mixed into the main stream. The residual mass flow in the 
jet is then given by: 
m. • mh - C (m. - m ) J J,act h ( 121 ) 
An entrainment constant of zero again specifies no mixing; one specifies 
complete Mixing when the computed flow of th~ actual jet reaches twice 
the ini tial jet flow; infini ty (or a large number) impl ies instantaneous 
mixing. 
Jet velocity, temperature, and density are again assumed uniform 
and the area, momentum, and enthalpy flux are calculated from equations 
118. 119. and "120. 
Profile-Substitution Hodel 
In this model use is made of the jet temperature profile 
calculated by the methods discussed above. The boundary of the jet is 
* def i ned to be that po i rit "'l on the transverse temperatu re prof i 1 e where 
the difference between the jet temperature and the temperature of the gases 
in the main stream has fallen to a specified fraction C of its initial value. 
• c (122) 
*. Air outside the boundary at It IS assumed to have mixed with the main 
h 1 of l'I-/c 122 stream. T e va ue "~defined by Equation is then used to obtain 
. 
'1l " , 
j A. ,"'m., and h. for penetration or wall jets from Equations 105, 106, 107 J "lJ J 
and iOd or from Equations 113,114, lIS. and 116, respectively. 
An entrainment constant, C, of one implies instantaneous mixing; 
zero imp1 ies no mixing. 
(.1' 
, 
:to' 
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Aerodynamic Treatment of Porous Walls 
When trans~irat~on cooling is specified, the entire flame-tube 
wall is assumed to be made from material of uniform porosity. The usual 
number of holes for the admission of penetration air are permitted, but 
there should be no film-cooling slots. 
The coolant flow through the wall is governed by the Darcy 
Equation (Ref 63): 
where t = wall thickness 
w 
T • wall temperature 
w 
~ ~. dynamic viscosity 
G = mass flow rate per unit area through the wall 
Mw = molecular weight of coolant 
(123) 
The porosity of the wall is characterized by the permeability 
coefficient K which is defined by Equation 123 and has the units of ft2. 
Calculation Proced~ 
When transpiration cooling is specified, the only additional 
input required is the permeability coefficient. The calculation proceeds 
in the following steps: 
1. The air-flow subprogram is run. using an assumed wall 
temperature in Equation 123 to find the transpiration 
cooling flow rate. 
2. This air-flow rate is used in the heat-transfer subprogram 
to obtain a first estimate of wall temperature. 
i 
: \ 
. \ 
• I 
. r 
! 1 
Ij 
;,' I ! 
. J 
fl! 
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3. This wall temperature distribution is used in the air-f1ow 
subprogram to obtain a new estimate of the transpiration 
flow rate. 
4. The heat-transfer subprogram is entered once more to obtain 
a new wall-teloperature distribution. 
It is not possible, without major alterations in the program, to 
continue this iteration until any desired accuracy is achieved. Results 
show. however, that the above procedure gives adequate predictions. 
Flow and Heat Addition in the Flame Tube 
The equations of momentum, energy, continuity, and state will 
r 
" L 
now be set up and solved for a section of the flame t'lbe between adjacent 
calculation Stations I and 2. Contributions to the flow can be visualized [ from the sketch below. 
[ 
----1- ......... Annulus 
-----+t~ -,~--------------------------------.--~-------
\, '\. Enter i ng I " . " - "Jets 
I " " " .......... ,.... ............. 
-t--- '...... "-
----'-_--===_ "-...... I 
--_ 1 
--,-
I 
Flame tube ',-
, D 
,~ 
J ' Residual jets 
I 
G) 
Momentum Equation 
The flame-tube equations include terms for the entering and 
residual jets. Since the gas velocity in the flame tube is typically 
one half, or less, of the velocity in the annulus, the friction 
fl' 
\ 
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loss has been ignored. 
The equation expressing the conservation of momentum within 
a control volume bounded by the flame-tube walls and by transverse planes 
at Station I and 2 is then 
Pft,l Aft,l + rilft,l uft,l/go + L""l· + 
entering J,o 
where 
jets 
= 
~. = axial c~nponent of jet momentum 
:J 
= 
x2 ~'Yrl. 1 + J 
residual :J, Xl 
jets 
tf. = local angle between jet axis and flame-tube center line 
J , 
mft = mas!) flo~1 of hot gases in fl"':I't ~ube. (This excludes unmixed 
ai r in the residual jets but includes the mass of fuel 
burned between stations I and 2.) 
The integral pressure term is approximated by: 
t 
Xl 
The final form of the flame-tube momentum equation is then: .. 
entering 
jets 
residual 
jets 
Energy E"guation 
a 11 
jets 
+ 
( 124) 
The equation expressing conservation of energy between adjacent 
r 
1 
J 
! , , 
1. 
L 
n 
calculation stations in the flame tube is written as follows: 
+ 2 h· m. + 
entering J ,0 J ,0 
jets 
where the enthalpy of hot gases is defined by: 
-
- 1TTft c (T) dT p 
b 
2 h. ,m. 1 residl.;~l J" J, 
jets 
The specific heat c is ~orrelated as a function of temperature by p 
Equation 84; the enthalpy of the jets, h., is obtained from the jet-
J 
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mixing calculation, Equation 108, 116, or 120; and the heat-release rate, 
q, from Equation 86. 
Heat loss from the hot gases to the flame-tube walls has been 
ignored in Equation 125. Strictly speaking, this is quite unjustified 
since the heat loss reduces the effective value of q, typically be about 
5 per cent in the primary zone. Inclusion of this effect would, rowever, 
considerably complicate the ca1culation procedure. 
Continuity Equation 
The equation expressing the conservation of mass In the flame 
tube is: 
(125) 
Pft, 1 uft , 1 [Aft. 1 - ?d lAj) + 
resl ua ~ 
jet s 
2:" m. 1 + 
residual .J, 
~ mh + mfb entering 
= Pft • 2 uft ,2 r. Aft ,2 - ~ AJ. ~ L' all jets .~ 
jet s 
+ ~ m· 2 all jets J, 
j.e t 5 
(, 26) 
mfb = fuel burning rate 
If 
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The jet areas and mass-flow rates are obtained from the results of jet~ixin9 
calculations. Equations 105.106.113.114.117.118. and 121. 
Equation of State 
The equation of state may be written as follows: 
Pft,l Pft 2 
...--...... ----- • ' • R (127) 
Pft , I Tft,l .Pft,2 Tft ,2 
R • gas constant for air 
It has been assumed in Equation 127 that R is independent of temperature. 
This is true to within 0.5 per cent for all conditions e~countered in 
practice. It has been further assumed that the gas constant for a mixture 
of combustion products is equal to that for air and independent of the 
fuel-air ratio. The actual gas constant for a mixture having initial conditions 
of 60 deg F and 4 atmospheres varies only 0.2 per cent as the fuel-air 
ratio varies from zero to the stoichiometric value. 
Method of Solution 
The mass flow at Stat jon 2 is known from jet-mixing results: 
"'f t 2 = mf t I + Em. + Em. I - Lm. 2 , , j,O j, j, ( 128) 
Since Equation·125 cannot be solved explicity for Tft ,2' an 
iterative technique is used to arrive at a solution. In this equation the 
velocity terms make a small contribution to the total enthalpy. For the 
first stage in the iterative process, therefora, uft ,2 is set equal to 
uft ,l. In addition, the specific heat, cp ' and heat-release rate, 4, are 
computed for Tft ,2 IS Tft,l. With these simplificatior~s Equation 125 can 
be solved explieitry for a first estimate of Tft ,2- New values of cp and 
q are then computed for the new Tft,2 and Equation 125 is solved again. 
.1 
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This process is repeated until Tft ,2 converges to an acceptable accuracy. 
Using the value of Tft ,2 50 obtained, Equation. 12~, 126, and 127 
are solved to obtain a quadratic equation inJPft,2: 
jOft~2 R Tft ,2 (Aft ,2 + Aft • I)/2 -JOft,Z KI + ':t,2 /90 (Aft,Z -2:Aj ,2)· 0 (12,) 
where 
The resulting value of JO ft ,2 is substituted in the following version of 
Equation 126 to obtain uft ,2: 
uft ,2 • "'ft,21 ;'tt,2 (Aft ,2 -EAj ,~) 
This value of Uf~,2)~ inserted in Equation 125 and a new value 
of Tft ,2 Is round. This process Is repeated until both Tft ,2 and Uft,2 
have converged to within specified tolerances. 
Structure of the Subprogram 
The air-fJow subprogram consists of: 
1. A subroutine which sets up starting conditions and direct. 
. . 
the a.r-flow calc4latlon through the other .ubroutlne. ift 
the appropriate .equence. 
2. Subroutine. for .olvl", the ... atlon. for flow in the ... ,'" 
t and f lame tube. 
! 
I 
f 
3. Subroutines for calculating the heat addition due to fuel 
burning and the temperature In the primary zone. 
~. A subroutine for calculating the rate of mixing of the 
entering jets. 
Detailed flow charts _nd program listings for the air-flow subroutines are 
given In Volume II. 
l~ 
Introduction 
HEAT-TRANSFER SUBPROGRAM -
ANALYTICAL METHODS AND PROGRAM DEVELOPMENT 
The principal operations in the heat-transfer subprogram comprise 
the formation of the various heat flux components at the flame-tube wall 
in terms of the wall temperature, the solution of the heat-balance equa-
tion to det~rmine the wall temperatur~and the evaluation of the wall heat 
fluxes. This section of the report presents the assumptions and relations 
employed in the subprogram. Program options which relate to the heat-
transfer subprogram are also discussed. 
Heat Balance in Flame ,Tube 
The heat-flux balance is performed on an elemental length of the 
flame-tube wall; conditions in the circumferential direction are assumed 
to be uniform. T~e heat-flux components considered in the balance are: 
1. R~diation from the flame to the flame-tube wall, RI . 
2. Convection in the flame-tube gases at the wall, Cl • 
3. Radiation from the flame-tube wall to the outer casing, R~. 
L 
4. Convection in the annulus ~ir at the outside surface of the 
flame-tube wall, C2. 
5. Longitudinal conduction in the flame-tube wall, 6K. 
6. Radiation interchange between the flame-tube walls, R3. 
7. Heat transfer between porous wall and transpiring gases, 
Qtr' when transpiration cooling is specified. 
Equating the heat gained by the element of wall to the heat 
} 
) 
) 
/1 
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lost. the following equation res~lts: 
R 1 + C 1 + GK • R2 + C2 + R3 + Q.tr (130) 
Each of the components of he.t flux depends upon the flame-tube 
wall temperature In the manner shown In the following sections. Substitution 
of the various heat-flux expressions Into equation 130 yields a polynomial 
in the wall t~perature which 15 solved numerically. The methods used 
for solving this equJtion are described In a later section after the 
various heat-flux expressions have been derived. 
Calculation Options and Assumpti0rnt 
Several of the assumptions associated,wlth the heat-transfer 
subroutine apply only under certain program options. The remainder of the 
assumptions are more general and apply In all cases; these latter assump-
tlons will be considered first. 
~eneral Assumpti~~ 
The following Is a list of the general assumptions which apply 
under all program options: 
1. For the purpose of heat-transfer calculations, the combustor 
cln be considered 15 two-dimensional. that Is, conditions 
are Issumed to be constant In the circumferential direction 
, , . 
for the Innular geometry and In 'the leteral direction. with 
negligible edge effects, for the rectangular geometry. 
2. Steady-state conditions prevail. 
l. The quanti tie' supplied by the al r-flow lubprogr •• for' 
lM,mp~e. temp,r,tur. '"_ v,'oclty ~,.tr'~utlonl In the flame 
r . 
.1 
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tube and ar.nuLi, are reasonable approximations to real 
conditions. This assumption is potentially one of the 
largest sources of error in the heat-transfer calculations. 
4. The flame and walls are gray radiators, that is, spectral 
effects can be ignored. In the case of the wall, spectral 
effects are unlikely to be very significant; flame emission 
is discussed again in a later assumption. 
5. Wall emissivities and absorptivities are cOI:stant. In fact, 
they are functions of temperature, but the range of varia-
tion in emissivity is small. 
6. The effect of the wall-to-bulk temp~~ature ratio can be 
neglected; fluid properties used in the heat-transfer 
relations are evaluated at the bulk fluid temperature. With 
this assumption the rate of heat transfer to the annulus 
ai; may be overestimated by as much as 10 per cent for Reynolds 
Numbers greater thal~ 10,000. 
Calculation O",£tions and .~dditional Assumptions 
r 
A 1 ist: of the rrogram options whic.h are concern,ed wi th the heat·· 
. 
t 
~ 
t 
- ... ~ transfer subprogram was presented in an earlier section of the repo.~ 
Here the various options are reconsidered in the light of the additiona~ -
i 
J:. 
.., 
, 
l 
.. 
-
~ 
assumptions associated with them. 
1. The options to specify film or transpiration cooling of the 
1 
flame-tube walls introduce all the aS5umptions associated 
-
i 
the method of Spalding (Ref 9) for film cooling and the 
,,-
J -, ~ 
'i 
~ 
with the methods employed for treating these cases, namely 
'1 ~ 
J i l 
:--~ 
11 ,~ ] 
;iK ,~ ;1 
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method of Wheeler (~ef 64) for transpiration cooling. 
2. The use of empirical correlations to estimate the emissiv,ty 
of the flame introduces large uncertainties. One of the 
m~jor assumptions here is that the effect of the fuel type 
on the flame luminosity factor may be characterized by the 
hydrogen/carbon ratio of the fuel. 
3. The one-dimensional radiation option assumes that the tempera-
ture gradients in the flame-tube are small. a situation which 
is unlikely to be realized in practice. In the case of the 
two-dimensional radiation option, it is assumed that there 
are no sudden temperature changes at the ends of the combustbr. 
4~ The exclusion of )ongitudinal conduction and radiation inter-
change between: the flame-tube walls from the heat-b~lance 
equation assumes that temperature gradients along the walls 
are small and that the two walls are at aps:;roximately the 
same temperature. These assumptions are, in general, quite 
valid; however, the ortion does exist to include either or 
both of these effects if they are thought to be significant 
in a particular case. 
5. Unless the outer-casing temperatu,-e distribution is specified 
in the program input, it is assumed that the casing tempera-
ture is close to the compressor-discharge temperature. This 
is not a serious assumption since the radiation from the flame 
tube to the cas I ng is gene,ra 11 y sma 11 compared' wi th the 
convection to the annulus air. 
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Radiation From the Flame to the Flame-Tube Wall - One-Dimensional ~odel 
The one-dimensional-radiation model describes the case where each 
element of wall receives radiation only ftom elements of flame at the 
same axial position. This model is accurate when axial temperature 
gradients and end effects are small and th~ length-to-diameter ratio of 
the flamr tube is large. 
The usual expression for radiant heat transfer between a gr~y 
flame at temperature Tft and a black container at temperature Tw is: 
where a = 
£ ft = 
a. f t = 
= 
Stefan-Bo1tzmann constant 
emissivity of flame at temperature Tft 
absorptivity of flame to rcdiation of temperature T 
w 
Since the wall is not black, but has an absorptivity a. which 
w 
wi 11 normally be between 0.8 and 1.0, a correction should be made for 
absorption, reflection, re-absorption and so on. McAdams (Ref 26, p. 91) 
suggests a factor (1+<1 )/2 to allow for thi s effect. 
w 
A further simplification is introduced by the use of an empirical 
formula suggested by Lefebvre and Herbert (Ref 4) : 
=[~:tl5 
Then R 1 = -L 0'( I + ~) e T 'j. 5 (T 1, • 5 _ T 2. 5) 2 w ft ft ft w ( 131 ) 
The emissivity of the flame,e ft , is eit~er calculated from one of sevel'sl 
alternative empirical equations presented below or supplied as special input 
as a function of pressure and temperature. Another way of obtaining 
fl. I !l , 
] 
] 
] 
] 
-,. 
r 
,og 
flame-emissivity data would be to use tables of empirical Information 
compiied by Hottel (Ref 26) and others. Although these data are the most 
accurate that are available within their r.~ge of applicability. t~e 
alternative approach of supplying data in functional form has been adopted 
here. This Is equally val id, becau,se: 
where 
1. The functions used fit the emplric~1 data to within one or 
two per cent. 
2. Most of the empirical data apply only at pressures near I 
atmosphere;, the excessive extrapolation required to obtain 
emissivities at normal gas-turbine operating conditions 
renders the data less useful. 
3. The only comprehensive data are for nonluminous flames; 
it is anticipated that luminous-flame correlattons will 
prove more useful. 
Nonluminous Flame - Distillate Fuel 
-
This correlation was produced by Reeves (Ref 6S). 
[ 8 ( f )0.5 -1.51 Eft • I - exp - 1 .5 P2 'b x Tft ~ 
f • loca' fuel-air ratio 
x 
'b ,. mean beam path length 
• 3.6 x Volume/Surface area 
(132) 
If I 
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Nonluminous Flame - Residud1 Fuel 
This correlation (Ref 65) is similar: 
1 - [r 0.75 (1 f )0.5 T -1.5) Eft = exp -154 P2 b x ft J (133) 
Lefebvre Correlation 
Lefebvre, in Reference 4, used Reeves's distillate-fuel 
correlation with a "luminosity factor", " 
= 1 - exp ~-18.5 P2 A (lbfX)O.5 Tf~l .5~ (134) 
A correlation for A was based on data from two sources. 
A = 7.53 (C/H - 5.5)°·84 
where C/H = carbon to hydrogen ratio of the fuel, by mass 
Thi!. expression is invalid below carbon-hydrogen ratios of about 5.7. 
NREC 1964 Correlation 
By 1964, further data on the effect of C/H on A were available. 
An examination of these sources showed that a bettp.r correlation for A 
in Equation 134 is: 
I, ( C/H - 4.4) exp 2.3 
- " . 
(136) 
~EC 1966 Correlation 
Schirmer and Quigg, in a recent paper (Ref 1 I), examined the 
effect of pressure on flame radiation in a i-inch diameter tubular combustor. 
Their data have been converted from radiation flux to emissivity at an 
assumed flame temperature of 3500 deg R and are plotted in Figure 19, 
together with the predictio~s of Equations 134 and 136; agreement is 
poor at C/H ratios above about 7. A new correlation, which fits the data 
reasonably well over the whole range, has therefore been produced. This is: 
I I 
. I i 
. I 
j 
. i 
I 
, \ 
i 
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= ( 137) 
= (C/H _ 5)°·74 
where" 0. 16 
( 138) 
This correlation is compared with the experimental results of Reference 11 
in Figure 20. 
!adiation From the Flame to the Flame-Tube Wall - Two-Dimensional Hodel 
This section describes the option for calculating the heat 
received by a wall element from elements of flame at all axial locations. 
The radiative heat transfer t,o an element of the wall from an elemental 
volume of flame is equal to the product: 
Volume of flame element x Emission per unit volume 
x Transmittance x View factor (139) 
The quantities In this product will now be coftsidered individually. 
Vo)ume of Flame Element 
The elements of flame considered have elemental length in the 
ax I a 1 direct i on of bXf t and inner and outer ('f 1 arne-tube-wa 11) rad i i of r 2 
and r l respectively., Thus, the volume of each flame element is: 
( 140) 
Emission Per Unit Volume 
Following Hottel (Ref 26), the radiation emitted by unit volume 
of flame at temperature Tft ,is: 
( 
d f ft) 
dPG'b 
( 141) 
PG"b • ° 
where PG = partial pressure of radiating gas (I.e., water vapor end carbon 
d i ox ide) , 1 b f pe r 5 q f t. 
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The quant i ty (d ,! ft) 
dPGlb PG1L = 0 
is chiefly a function of temperature. 
For a typical v~lue of P~~ Pft = 0.05 and for a non-luminous flame it can be 
,. ~ 
approximated by (Ref 16)= 
( d E:. ft) 
\ d.p.(i 1 b' p G 1 b = 0 
= (142) 
The form of the express'ions for flame emissivity (Eqs 132 through 138) indicates 
that for luminous flames, the following equation is approximately true: 
= 
luminous 
A x ~~ 1: ~PG Ib = a 
non-lurr.inous 
Thus a more general form of Equation 142 is: 
( :~ 1:~ P G 1 b = 0 ~ 
View Factor 
The sketch below illustrates the nomenclature of the axially 
symmetric configuration considered. 
x 
.r- E lementa 1 
.. length of 
r l flame 
,~ ___ Elemental length 
of wa 11 
___ ...... __ Enai ne centerl i n~ 
( 143) 
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Employing an equation derived by Hamilton and Morgan (Ref 66) 
and the principle of superposition, the following equation is obtained 
for the vi~w factor of the flame element radiating to an element af length 
Ax in the outer wa 11 : (144) 
w 
1 l:lx 
FFW 
w 
=r; (r - r ) 3 2 
J _ X ;:::::;=========::;.. 
.J)(2+(r -r )2-
3 2 r 1 ) I 
I -I 2 X · 2'J 
.., x' +( r 3 - r ~ -1 
• 
Transmittance 
The transmittance accounts for the radiativ~ energy which isnot 
absorbed by the intervening gas; it is a function o~ th~ d~stance the • 
• radiation travels through the gas, the gas composition and the gas ~ 
temperature. Here a curve has been fitted to typical data pr~~ar.e~ by , 
Hottel (Ref 26) and shown in Figure 21. The expression deyeloped is: 
.. 
f 
• 
• 
where. s 
'. . 
= distance from element at ~onsidered point on the wall tor 
element of the flame, ft 
Since s varies over differ~nt parts of the flame, an averaging procedure • 
t 
is used over the radial dimension of the flame to determine a single,. 
mean value of the transmittance for each axial location of the flame 
element. The resulting expression for the transmittance to an outer wall 
element is: 
20 ( 146) 
r mean I = To 14.82 ------------------~ 
14.82 + PG/x2 + [r - r _(.!.. - ·,':-)(r· - r >] 2 3 2 20 ... 0 I 2 i =1 
Partial Pressures 
The partial pressures of carbon dioxide and water vapor that 
114 
are required for Equations 141 and 146 are obtained from stoichiometry 
rllen: 
. (147) 
where x = mole fraction of constituent in product mixture. Local air-
fuel ratios are calculated in the air-flow subprogram in such a way 
that the mixture can never be richer than stoichimetric. 
Total Radiation 
Introducing a wall temperature, T , and an effective wall 
w 
absorptivity. (1 + ~ )/2, the radiation absorbed by the wall elemeDt 
w 
from the flame element is: 
4(1' r 
mean 
( T4 _ T4) ft w 
Hence, the total radiation per unit time at a point on the outer flame-
tube wa 11 receiving radiation from all positions of the flame, is: 
4rrcr(1 + cJ.. ) 
all ~ame [~ean (~) AX ft 2 2 4 - T:)] w PG (r - r2) FFW (T f t 2 dPGL 0 1 
positions 
The radiative heat flux per unit time and area of flame tube is, therefore, 
given by: 
R := (1 + ~J) cr '"'" [r 1 - L... 
.6 XwR3 a 11 . f ~ arne mean 
positions 
A similar expression applies for radiation to the inner flame-tube wall. 
It should be noted that it is not necessary to specify the le~gth 
of the wall element, ~X • since in Equation 143 ~X in the denominator 
w w 
cancels with ~XW appearing in the expression fer the view factor, FFW. 
1 
. ; 
. , 
If , 
r 
J -
1 
! 
r 
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R~diation from the Flame-Tube Wall to the Outer Casing 
The radiant heat flux from the flame-tube wall to the outer 
cas i !Ig IS givr::n by the equ.Jtion: 
R,.. ;; F o-..(T 4 
-
T 4) ( 149) I we w "C 
where T = temperature of casing. This may be suppl ied as input as 
c 
a function of axial length; if it is not, !t is assumed 
equal to the compressor discharge temperature. 
r -- overall interchange factor which accounts for the re-emission 
wc 
~nd absorption between surfaces. 
For the case where only two surfaces are involved and where both surfaces 
have high emissivities. the overall interchange factor is approximately 
give" by (Ref 26, p. 76): 
where 
F 
wc 
F 
wc 
= ( _1 _ 1 \ + :w (_1 _ 1) + 
c. w ) c ec 
1 
F 
wc 
= black-surface ove ra 11 interchange factor 
Ec = emissivity of casing (assUioed equal to absorptivity) 
A = surface area of flame-tube ~o,J 
A = surface area of casing 
c 
wa 11 
(150) 
For r~diatio" across an annular space, the black-surface interchange factor 
can be assumed to be equal to unity. With this simplification and some 
rearrangement. 
F 
wc 
Equa t ion 150 beer 'mes : 
ewE. c 
- ~----~~~--~----C
c 
+J:
w 
(1 - & ') A (.. '-c w 
A 
c 
(1 51 ) 
Thus, from Equations 149 and 151 the radj,ant heat flux from the wall to 
the outer casing is: 
= [ 
E It} E c 
o E-c-+-t;:--w-' (7'"""1-_ £-c ) A fA ] (T~ -
ItJ C 
(152) 
• 
• 
I 
, 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
, 
• 
, 
• 
• 
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Radiatipn Interchange .etwesn Flame-Tube W~lls 
Under some conditions, radiation interchange between the combustor 
walls can become important. The net rate of heat transfer to a section of 
the flame-tube wall from all other "visible" parts of the flame-tube wall is 
derived using the oomenclature shown in the sketch: 
• 
• 
l x 
a 
b 
~Element of Outer Flame-Tube Wall 
I 
fII- OXb 
.... : __ 6x 
1 1 I a 
-+ ___ • ____ ~~.I a 4 
r 
a 
Element of Inner Flame-
Tube Wa 11 
_____ .f ... ~ .... i n..!.~Ce~er 11 ne 
• 
.. 
'Radiatio~ emitted by element 6xb which is received by ele-
• m~nt 6x (neg'lecting any reflections) is: 
a • • 
f"£ ~ .2 trr b6x b F ba r(Twb 4 T L.) . -• wa (153) 
~ 
where Flja .: View factor for rad i at ion from b to a 
• • 6x (r - r ) 2 
" 
a b a 
== 
• [( fb r ) 2 (x - xb)2] 3/2 2 + a a 
r = Transmi t tance between b and a 
14.82 = _. (154) 
P G .J (x a - xli) 2 + (r b - f 14.82 r) + a 
Radiation interchange per unit time and area of inner wall is given by: 
, 
" . 
f , 
\, 
.. 
, 1 
~ { 
!f 
I I 7 
2 rb 6xb (rb - ra) 2 r (TWb
4 
- Twa
4) 6R3 = 6_f~w_--=~~_~_~ ________ =-=-,":" 
[ ( ) 2 (xa - x.) 2] 3 /2 r a· 2 r b - r a + . D 
Thus the net rate of heat transfer per unit area to the point jn the 
inner wall under consideration, from all parts of the outer wall is: 
R := erE 2 
3 w 
2 L 
all b- wa II 
positions 
2 4 
rb (r b - ra) r(Twb -
r a [( r b - r a) 2 + (x
a 
-
A similar expression appl ies for radiation from all parts of the inner 
wal I to a poirl on :he outer wall. 
Convection at the Inner Surface of the Flame-Tube Wall £.-
The corr21ation employed for the internal convective heat transfer 
at the flame-tube wall is one suggested by Humble, Lowdermilk and Oesmon 
(Ref 67) for subsonic flow through smooth tubes at high surf2ce and fluid 
temperatures: 
where 
Cl = O.023o-T- ReO.
8 prO. 4 (Tft - Tw) 
ft 
k = thermal conductivity of gas 
( 156) 
1 0ft= hydraulic diameter of the flame tube, equal to twice the 
eistance between the flame-tube walls for both annulus and 
rectangular geometries. 
The effect of annulus diameter ratio is small and is ignored in this 
treatment. Reynolds and Prandtl numbers and thermal conductivity are 
based on properties of a gas mixture taking account of the amount of fuel 
present. The methods use~ to evaluate these properties are described in 
a later ~ection. 
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Entry-Length Effect 
When st.rtlng conditions on the w.ll .re uniform, there is a 
developing boundary layer and the expression for the Nusselt number Is 
usually multiplied by a factor for the entry-length effect. Typically 
(Ref 2.6), thi sis: 
Because of the intensely turbulent conditions in the combustor, the 
relationsh;p for fully developed flow (Equation 156) gives ~' better 
representation and has been used in the program. 
Internal Convection with Film Cooling 
The contribution of internal convection to the wall heat bal-
ance is computed from Equation 156 only wheQ film cooling and transp'iration 
cooling are absent. For the case in which film cooling is employed, . 
Equation 156 is modified by replacing .the hot-gas tem~erature, Tft , by an 
adiabatic wall temperature, thus: 
(157) 
The adiabatic wall temperature is a quantity measured experimentally 
and has been correlated by Spalding (Ref 9) to geometric and flow variables 
by means of a film-cooling effectiveness,~, and a downstream-distance 
parameter, X: 
x = 0.91 
Uft x 0.8 (_._) 
o Ycf 
cf 
Tft - Tad 
Tft - Tef 
(Re f) + 1.41 -. -0.2 . [x 
c Ycf 
(158) 
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where Tcf - inlet temperature of cooling film 
Ycf a s lot width 
X = downstream distance of wall element from cooling slot. 
Figure 22 shows an envelope enclosing 90 per cent of the data 
points employed by Spalding; these data may be represented by the three 
straight 1 ines: 
or 
't - 1 
x 
o 
t = -X 
where Xo - 1.0 
( 160) 
whichever is the smallest 
These relations correlate well the nine sets of experimental data on which 
they were based, but their validity for practical combustion systems, in 
which the slot may be obstructed by structural elements and imperfections 
left after fabrication, is uncertain. This uncertainty is supported by 
the data published by Sturgess (Ref 10) which are also plotted on Figure 
22. These data for, so-called, "dirty" slots may be represented by the 
same equation (Eq 160) that was used to represent the data for "clean" slots; 
however, the value of Xo is reduced from 7.0 to 3.5. 
Equation 160 is employed in the computer program and X is 
o 
supplied as program input by the user; its value can be determined in one 
of two ways: 
1. If experimental data ~reayailable, these are plotted in 
the form 't - X, and a value of X that fit s the data best 
o 
is chosen and supplied as input to the program. 
2. If no experl_ntal data are available, the recOI1II1ended values 
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for X are: 3.5 for "dirty" slots; -7.0 for "clean'" slots. 
o 
The procedure employed by the program to determIne the 
~onvective heat flux is as fol;~~: For a particular wall element 
considered, a value f~r X Is computed. This value, together with the 
value of X supplied as input, are used to calculate the cooling effectlve-
o 
~ess ~ from Iquation 160. Equation 158 is then employed to give the 
adiabatic wa11 temperature, Tad.whlch is substituted Into equatIon 157 
to give the convective heat flu~. 
Int,rn.1 ConvectIon wfth Transpiration C~011na 
The transpiration-cooling flow rate Is obtaIned from the.lr-flow 
subprogram. It is assumed that the coolant leaves the wall at the wal1 . 
temperature. 
The heat-transfer rate is calculated by a met~od suggested by 
Wheeler (Ref 64). With this method, the convective. neat-transfer coefficient 
for the transpiration-cooled wall is given by: 
Nu • 0.002 ~eft 
The Nussett and Reyn01ds numbers are based on the bulk properties of the 
gas In the flame tube. 
. Hence, the conv'ec t I ve heat f I ~ f rom the hot gas to the wall Is: 
C1 • 0.002 of- Reft (Tft .- Tw) (161) 
ft ' 
It should be emphasized, however, that, no Ind~pend.~t assessment'of th* 
validIty of this method ~or. the pr.s.nt.ppllc.tIOn".s~ been .... d •• 'It 
. 'Is expectedthat.l·f a .e"tout stu~yof tr.n.pl, ... ~lon: cooll.,g Is to be ' 
... ~. _., , ~. '.~ , 
" " 
undert.ken wi ththlsprogr •• ,mor.: •• hl. t"c.t.d :.ndT •• 'rful .methods '.' 
. such as thAt of 1P~lcI;ng (R.f'.68);";,.c~~~(, Ii .. t .... f, ... pr.ticel 
,,' '.. . '~-. :" ~ -- .. 
canbus tQrs, w11.1 b. used. 
B 
'H 
II 
o 
D 
·0 
B 
I 
I 
I 
I 
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Convection at the Outer Surface of the Flame-Tube Wall 
External convection from the flame-tube walls to the annulus 
air is governed by an equation similar to Equation 156: 
C2 = 0.023 D~ Re~~8 PrO. 4 (Tw - Tan) 
an 
( 162) 
where 1 Dan is equal to twice the distance between the flame-tube and 
outer casing for both annular I.!·'d rectangular geometries. 
In the case of transpiration cooling, there is an additional component 
Qtr representing heat transferred to the coolant as it passes through the 
wa 11 : 
= ( 163) 
Gas Properties 
The gas properties used in the above relaticns are obtained 
from empirical ~orrelations derived from a survey of all available 
literature. Va1ues for air are used in the equations for heat transfer on 
the annulus side of the wall. In the case of gases in the flame tube, the 
molal gas composition is found from stoichiometry, and the properties of the 
constituents are combined according to formulae recommended by Perry (Ref 69) 
to obtain the properties of the mixture. 
The effect of pressure has been ignored. 
The equations used for the specific heat, the dynamic viscosity 
and the thermal conductivity can all be expressed in the form: 
2 3 Z = a + b T + c T + dOl' (164) 
where Z represents the gas property 
The constants take different values for each property and for 
each gas considered as shown in Table I. Table r also shows the temperature 
r~nge covered by the data employed to determine the values of the constants 
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for each gas; the percentage accuracy of the equations is also indicated. 
where 
where 
Properties of Gas Mixtures 
The specific heat of a mixture is obtained from: 
C = ~ mi C pi P 
m. = mass fraction of ith component , 
C pi = specific heat of ith component 
The viscosity of a mixture is obtained from: 
i ~x. II. (M.) 
.:::.. ,,.., I 
= ~ Xi (M i )! 
x. • mole fraction of ith component 
I 
M. = molecular weight of ith component 
I 
The thermal conductivity of a mixture is obtained from: 
1/3 
'x. k. (M.) 
.:::.. I I , 
k = ~x. (M.)1/3 ~ I I 
LO!1gi tudinal Conduction Along Flame-Tube Wall 
The lon9itudin~1 conduction effect can be estimated on the 
basis of average temperature gradients. For the inner flame-tube wall 
th~ rate of heat flow to the section of wall (n) under consideration 
Fron an adjac~nt one (~ ~ 1) is given by: 
where 
Pur unit 
k = thermal conductivity of wall material 
w 
t = wall thickness 
w 
area. the heat gain is: 
k t (Tw•n+1 K w w = 
x., + 1 - x n 
- T ) w,n 2 
xn+l - x n-1 
( 166) 
( 167) 
( 168) 
. 
• 
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Ccmblning this with a corresponding quantity for ~at flow from the 
n-l element, the net heat received becCllleS: 
2k w tw [_T_w .. ,-.n+ ....... I_-_T ..... w ...,l,.:.;n 
xn+l - xn_1 xn+l - xn 
6K • 
-
T 
w,n (169) 
Solution of the Heat-Balance Equation 
When all of the heat-flux terms are considered, the heat-balance 
equation for an element of the flame-tube wall is: 
Both t'le longitudinal conduction term, 6K,and the radiation interchange 
term, R3,are functions of the wall temperature distribution (rather than 
the local temper?ture of the wall element) and, therefore, an iterative 
method of solution of Equation 130 is required when these terms are 
cons i dered. Of ten, however, the user wi 11 not wi sh to cons i der b K and 
R3' in which case a non-iterative solution of Equation 130 is possible. 
Non-Iterative Solution 
In this case Equat:ion 130 becomes: 
( 170) 
Q i5 zero when there is no transpiration cooling_ 
tr 
Substituting for Rl from Equation 131 or 14t; for C1 from Equation 156, 
157, or 161; for R2 from Equation 149; for C2 from Equation 162; and 
for Qtr from Equation 163; Equation 
D T4 + ° 1 w 2 
170 becomes: 
T!·S + 03 Tw a D4 
where 01' D2, 03' and 04 are known, their values depending upon 
( 171) 
the program option. Newton's approximation is used to solve Equation 171. 
For use in Newton's approximation, a first estimate of Tw is 
obtained from one of the following equations: 
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D T 4 
I w • D4 
D T 2.5 
2 w = D4 
D3 T • D4 w 
T = '~ft w 
The chosen T is that which leads to the smallest value of e when Equation 
w 
171 is written in the form: 
Dl T4 + D T
2
•
5 + D T 
- D4 • e w 2 w 3 \II ( 172) 
Wi th this initial est imate of T Newton 1 s approximation is 
w, 
used to find a value of T that satifies Equation 171. 
w 
Iterative Solution 
The iterative heat-balance solution is only called for after a 
noniterative calculation; an approximate wall-temperature distribution will 
therefore always be available. The iterative heat balance is repeated 
until the maximum temperature change between any two iteration cycles is 
less than the specified tolerance. 
End Effects 
The boundary conditions assumed at the ends of the combustor can 
have an Important effect on the overall wall temperature distribution. 
Since the highest temperature gradients frequently occur away from the ends, 
it has been assumed that the wall temperatures at the ends are as given 
by t~e noniterative calculation. 
Structure of the ~libprogram 
The heat-transfer subprogram consists of: 
1. A subroutine for solving toe nonlteratlve heat balance. 
2. A subroutine for solving the Iterative heat balance. 
3. A group of library subroutines which provide gas 
properties, correlations for wall cooling and flame 
emissivity, and the solution of the fourth-power heat-
balance equation. 
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Detailed flow charts and program listings for the heat-transfer subprogram 
are given In Volume II. 
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LIMITATIONS OF THE COMPUTER PROGRAM 
.-
The computer program represents a significant advance In the 
analysis cf annular combustors, In that it draws together reasonable represent-
ations of the pertinent flow, burning, and heat-transfer phenomena Into an 
integrated computing tool. Because of limitations In the models and In th. 
experimental data available. and the need to keep' the program to a manageable 
size, however, It has been necessary to make 8 number of aSlumptfons and 
compromises that limit the accuracy of the resultl •. Most of these have be.n 
dIscussed In connection wIth the analytical methods. To emphasIze the 
Importance of understandIng these limitatIons In makIng Intelligent use of 
the program, they are summarized here. . 
General 
The analysis Is one-dimensional: circumferential varlatlo~ of flow 
quant I ties such as pressure and terr,perature r s I gnored throughout the pr::»grlm; 
radial variation of these quantIties Is considered In the streamtube method 
of diffuser analysis, but not elsewhere. It Is well known t~at the flow In 
an actual combustor departs significantly from one-dimensionality, because 
of the presence of swlrler!, fuel atomizers, holes, swirl at the compressor 
exit, and so forth. At present, however, neither the theoretical methods nor 
the experimental data are available upon which to base a more detailed model. 
This Is, then,.a limitation of the program as a whole. Its effect is difficult 
to assess. It should be kept In mind when using the program in connection 
with experlmenta' data, however, that unusually iarge departure from one-
dimensionality In the experiment may cause consld.rabl~ disagreement between 
experiment and analysIs. 
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Diffuser Subprogram 
The analytleal methods used In the diffuser program eontain several 
ImporLant limitations: 
1. Flow I n the diffuser is ass,umed to be unaffeeted by downstream 
conditions. If the flow Is well matehed at the snout, this 
assumption Is expeeted to be valid. Otherwise, serious errors 
will undoubtedly result. Snout 'design should, th.refore, reeeive 
eareful attention. 
2. N~ provision is made for Ineludlng splitter vanes I·n the diffuser 
analysis. 
]. The program does not attempt to treat flow after separation. 
Air-Flow SUbprogram 
follows: 
The more Important limitations of the air-flow subprogr.m are as 
1. The treatment of the primary zone as a stirred reaetor limits 
,the Information obtained'. For example, if the detai led burning 
rate and flame temper~ture were known. the flame-tube wall 
temperature could. be calculated as a function of position. Present 
understanding of the flow, mixing, anCi combustion processes In 
the primary zone Is Inad.quate to support'. more detailed analysis. 
2. The pro~ram does not calculate the fuel-burning rate directly, 
but receives It as Input and OR-ly serves toke.p 'It below stoichio-
metric at any location. The results are ~Imlted by the Judgment 
of the user 'and by his access to exp.~lmental data. For a more 
accurate estimate of flow conditions, particularly at low pressures 
i 
I 
I 
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where reaction rates decrease, it should be possible to devise 
a fuel-burning rate correlation. 
3. The Jet-mixing models suffer from a· lack of experimental data 
upon which to base t~~ choice of models and entrainment constantsi 
In addition, the program does not relate the mixing rate of wall 
iats to the film-cooling analysis carried out In the heat-transfer 
sect Ion. 
4. The swirler-deslgn method contained In the program Is crude. 
When more experimental data become available, a more refined 
method should be Incorporated. 
s. If the use of transpiration cooling Is to be ei\plored i'n detan, 
an assessment of calculation methods should be made. 
Heat-Tran,fer Subprogram 
program: 
There are several significant limitations to the heat-transfer 
1. The fllm-~ool ing model is idealistic; there Is a serious lack 
. of experimental data upon which to base choice of the characteristic 
distance X used In the eor~elation; in ,ddltlon, as mentioned 
o 
above, the fi 1m-cooling and wall-Jet-mlxing models are not related. 
2. Data Is lacking on the.emlsslvlty of lumlnous'l ... s. 
3. There Is a lack of data on transpiration cooling. with which to 
judge the ·re 11 ab 111·ty of the theory used. 
- .... --... . -.-....~-- ~ 
4. No heat balance Is .perfonned to calculate the. temperatures of the 
Innar and outarcaslng walls • 
. 
~ .. 
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Conclusion 
Before ~klng extensive use of th1s program, It would be useful 
to make a more exhaustive survey" of the Influ,nce of program optrons than 
has been possible within the limitations of time and budget In the present 
project. For example, Jet-mixing rat.si and consequently the flame-temperature 
distribution, .re quite sensitive to the choice ~f antr."'nment function and 
conltant. IV exp.rlment, a ·~.t r .. lonable" cholc. mlY be found, 
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TEST CASES 
In this section, the results of a number of test cases 
illustrating aspects of the program are presented. 
Diffuser Test Cases 
Introduction 
The diffuser test cases are mainly concerned with checking the 
validity of the analytical " s treamtube" method. The following cases wer~ 
specified: 
l. Comparison with experimental data on two-dimensional 
diffusers. compiled by Cochran and Kline in Reference 70. 
2. Comparison with data on annular diffusers, compiled by 
Abramovich and Vasil I yev In Reference 71. 
In addition, the results of a number of test cases used during program 
development are presented in this section. 
Choice of Separation Shape Factor 
Befo~e the test cases w~re run, it was necessary to select a 
value for H ,the value of the shape factor at which separation occurs. 
sep 
In conical diffusers, H is typically 3.0, but for airfoils at moderate 
sep 
incidence" a value in the range of 1.8-2.2 is more usual. 
The value of H 
sep = 1.9 is used for comparison of the 
streamtube calculation method and the,empirlca1-data method. The 
latter is based in the case of two-dimensional diffusers on the 
experimental results of Reneau, Johnston, and Kline (Ref 7). A com-
parison bet\freen streamtube and empirical-data methods' is shown in 
Figure 9 for diffusers with area ratios in the range 1.2 to 5.0 and 
] 
t 131 
~ J 
) 
. 
1 
J 
] 
I 
I 
; 
] 
1 j 
1 
J 
! 
1 
nondlmens.ionaI lengths of 1.0 to 20.0. The only assumption made In 
obtaining these results was that the shape factor at entry Is 1.4. 
For annular diffusers the empirlcal-~ata method Is ba,sed (In 
data of $ovran and Klomp (Ref 6). The experimental results are bas.d' 
. , 
on diffusers with Inlet hub-to-shroud ratios of 0.55 and 0.70 and v_rlous 
values of 'I and '0 (see sketch below) and Inlet blockage. 
-
i 
.-
.., -~---- -------------_ ... _--_ .......... 
I'; Figure 23 the experimental results -of:Sovran·,and Klomp are 
compared with the predicted performance using the 'stre .. tube, method. The 
follOWing assumptions 'were made: . 
I. Shape factor atlnl~t, ~ 1.4 
2. SeparatIon shape fact9r • 1.9 
3. Blockage at Inlet, • 3 per cent 
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4. Hub-to-shroud ratio • 0.55 
5. 8i • 0 degrees 
The Inlet blockage assumed in the calculations was somewhat hlgh~r than 
the 2 per cent assumed In Reference 6 for the followlno reasons: 
. ~ 
1. The flat-plate Reynolds number at entry appears from the 
geometry of the system to be of the order of 107 giving a 
blockage of 4 per cent. 
2. The maximum diffuser effectiveness recorded was 8S per cent 
which Indicates a high Inlet blockage. 
The difference between Figures 9 and 23 Is not due only to the different 
values of Inlet blockage, but Is also due to differences In the variation 
of .rea ratio ~Ith length. For a two-dimensional diffuser: 
A • A I + (A2 - A I) • l! L 
d (AlAI - ~ • 
d (X/L) 
For a simple annular diffuser: 
, ' r:1 f45M:n-.,,''''''Ri,IIWWW''1'* 
J r r o ' 0 __ .' _J_ .... _.~ __ ...... __ . .;..[~. 
(173) 
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4 
[rl + (r - x]2 _ r2 A A, 2 r 1)oi. 0 • r~ .• r2 0 
d (AlAI [t. -1 
r
2 
_ 
1 
- 1) -• 2 + 2x r t (174) 
-
d (t) r2 + 1 L r2 + 1 
- -r1 r 1 
Equations .173 and 174 reduce to the same form for r2 ~ r 1, I.e. A2 ~ Al 
or for large values,of roo Thus the performances of annular and two-
dlmenslona' diffusers show the most dlfferente at llrge ar.a ratios. 
Two-DImensional Diffuser Geometries 
The test cases for two-dimensional diffusers are taken from 
Cochran and Kline (Ref 70) arid the earlier work' on similar apparatus by 
- ' 
Moore and Kline (Ref 72). The geometry of the diffuser section Is shown 
below: 
~~~ 
Wl ,. L ---..... -i(= 
This geometry Is not entirely suitable to test the streamtubemethod for 
the following reasons: 
,. The boundary iayers at 'ar,let are formed' on highly curved 
su~faces. and, not, as' assumed, on a' flat piate. 
2,,' The statlc-pressure prof I 1.8 at Inlet I,s dlstorte" due to 
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the curvature of the flow. In the streamtube method the 
static pressure is assumed to be uniform across each cross-
section. 
The~e difficulties notwithstanding, it is felt that the results provide 
an adequate basis for assessment of the streamtube method. It is to be 
noted that these results, are also included in the compilation and cor-
relation of experimental data presented in Reference 7. 
For the purposes of obtaining a concise comparison of the 
diffuser effectiveness obtained from the streamtube method with experi-
mental results over an adequate range, a family of diffusers was selected 
from the data of Reference 70. These diffusers all have a nondimensional 
length of approximately 8, and cover a range of area ratios from Z to 
6.5. The geornetric data are summarized below. 
Included Nondimensional Area 
Angle length Ratio 
degrees L/W I AZ/A I 
7 0 8.04 1.99 
li~. 0 8.08 2.96 
16.8 8.10 l 3.40 
21.0 8.12 3.94 
28.0 8.09 4.94 
31. I 8.06 5.44 
35.0 8.03 5.94 
38.2 8.00 6.46 
-" 
For these confiyurations,' measured values o&: the shape factor at 'nJet were 
in the range 1.43 to 1.79 and measured values of the blockage were in the 
range 0.004 to 0.006. To circumvent the difficulty associated with obtaining 
the experimental velocity profile at the inlet to the diffuser, the streamtube 
method was used assuming a uniform inlet velocity profile; to account for the 
fact that the actual velocity at the wall was some 20 per cent greater than that 
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in midstream, the test ca$CS were run w'ith a bl?ckage of 0.0075, and a cor-
responding shape factor of 1.47 (since the deceleration rate along the wall 
. 
will be greater for the nonuniform velocity profile, a larger blockage should 
be used with a uniform velocity profile to simulate this effect). 
For obtaining a comparison of the results of the streamtube method 
for the prediction of separation with experimental results, the data of 
Reference 72 were used. Again, the streamtube method was used with values 
of the inlet blockage and shape factor of 0.0075 and 1.47, respectively. 
Comparrson of Resul ts for Di ffuser 
Effectiveness 
The effectiveness as computed by the streamtube method is shown 
with the experimental results in Figure 24. The agreement is reasonable, 
considering both the approximations made with regard to inlet conditions and 
the fact that the experimental accuracy was reported as ~5 per cent. 
Results - Line of First Stall 
In Figure 25, lines are drawn dividing geometries in whic~ 
separation occurs from those in which the flow does not separate. A 
comparison is made between the results of Moore and Kline (Ref 72), in 
which a flow visualization technique was used, and the results obtained 
using the streamtube method. Agreement is quite good. 
Annular-Diffuser Geometries 
The test cases for annular' diffusers were taken from Abramovich 
and Vasil'yev (Ref 71). The geometry considered is shown below: 
1}6 
. ~_~:I/~Llllllll 
_1 __ '~/ __ 1_~1_~-
Solid cylindrical insert 
11777~ 
, I 1~~7~7~7~7~7~7~7~7~77~7~ 
Th€ two test cases analyzed were: 
Area Ratio Range of 8 
A2 /A l degrees 
2.0 5-40 
3.8 5-40 
The following assumptions were made: 
1. Shape factor at inlet • 1.4 
2. Shape factor at separation • 1.9 
Annular-Diffuser Results 
In Figure 26 a comparison is made of the results of the stream-
tube method with the experimental results given by Abramovich and Vasil'yev 
(Ref 71). As the blockage is not quoted, theoretical curves are given for 
1 per cent, 2 per cent, and 3 per cent blockage. A blockage of 1.5 per cent 
gives good agreement between the theoretical and experimental results. It is 
to be noted that the Inlet blockage has a significant effect on the computed 
effectiveness, as is expected from the consideration that the effectiveness 
is determined by the displacement thickness at the exit (until separation 
occurs) and that this thickness is roughly proportional to the inlet displace-
ment thickness. 
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Unfortunately, no data on the occurrence of separation In annular 
diffusers is available for comparison with analytlca' results. 
Shear Flow in a Diffuser 
The streamtube method provides a means of predictinq the change in 
velocity profile through the diffuser. The main assumptions made in the 
method are that the profile at entry is in equilibrium, and that mixing 
effects can be neglected. 
fo test the method, the experimental res~lts of Horlock and Lewis 
(Ref 73) are analyzed. In these experiments straight-walled diffusers and 
nozzles were used and velocity profiles at in1et and exit were measured. 
Two geometries were consider~d: 
-" 
Type Area Total Included 
Ratio Angle, degrees 
Nozzle 0.7 10 
Diffuser 1.47 15 
The results of these tests are shown in Figures 27 and 28; the agreement 
between the streamtube method and the experimental results is good. 
Air-Flow Test Cases 
Introduction 
The air-flow test cases were designed to check the pressure-
drop and air-flow-distribution calculations. For comparison. the 
experimental and theoretical work of Dittrich (Ref 74) and Gra~es and 
Grobman (Ref I) was used. 
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The tests used for comparison were carried out on a straight-
walled tubular combustor without a diffuser. Seven test ca!es were run, 
varying three main parameters: 
1. Reference Mach number 
2. Overall temperature ratio 
3. Ratio of total hole area to reference area 
Input Conditions 
Since this program only deals with annular combustors and 
combustors of rectangular cross section, it was impossible to match the 
geometry used in the original tests. Instead, a hypothetical combustor 
of rectangular cross section was set up. This was 12 inches wide and 
had all cross-sectional areas ~qual to those in the NASA combustor. The 
ciimpnc;it')ns of the hypothetical combustor are shown in the ta'b'le below. 
Geometry employed in Test Case NASA Combustor tTubu 1 ar) 
Flame-tube height 2.37 in Flame-tube diam 6.0 in 
Casing height 3.95 . Casing diam 7.75 in In 
Overall length 52.0 in Overall length 52.0 in 
No. of holes per 3 No. of holes 6 row on each wall per row 
Area per hole 1.48 sq in Area per hole 1.48 sq . In 
Input quantities specified by NASA are listed below: 
Compressor-discharge total temperature 80 deg F 
Compressor- discharge tota 1 pressure 15 psia 
Fraction of air entering secondary holes that 
recirc~lates upstream o 
Rate of jet mixing instantaneous 
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The total pressure was assumed to be 15 psia at the beginning of each 
annulus. 
Three hole arrangements were used, as indicated below: 
Axial location, inches 6 10 14 18 22 26 I I JO 34 
Run I 
" " " 
V ..J 
" Run II 
" " " " " " " " Run I I I 
" " " 
In Run I, input conditions were varied from case to case as 
fo 11 ows: 
Overall Air Mass Flow Rate 
Fuel-air Ratio Ibm per sec 
Case 1 0.0 2.46 
Case 2 0.0 1.23 
Case 3 0.0 4.92 
Case 4 0.00724 2.46 
Case 5 0.0152 2.46 
The three fuel-air ratios correspond, according to Figures 21 and 23 of 
Reference 36, to temperature ratios (combustor outlet/inlet) of 1, 2, and 
3. The three mass flows correspond to reference velocities of 50, 100, and 
150 ft per sec. 
Results 
I'n Figure 29, the variation of pressure-loss factor with reference 
Mach number as ca I cu I ated by the present method is cOIllI"ared wi th the resu 1 ts 
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of Referenc~ 74. The agreement wi~h the experimental data is very good, 
co~sidering the difference in geometric configurations. However, the 
sharper increase in pressure drop at higher Mach numbers, apparent in the 
experimental data, is not so marked in the curve representing the present 
predictions. 
Figure 30 shows the effect of changing the ratio of total 
j.'(lle area to rE'ference area. Here the agreement with experimental results 
is exceptionally good, particularly at high values of the area ratio. 
The effect of heat addition on the pressure-loss factor is 
shown in Fig,!-lre 31; again the agreement with the experimental results 
ts good. 
Frgure 32 is a plot of the fraction of total air flow in the 
flame tube against the ratio of cumulative open hole area in the flame-
tube wall to total hole area. The results obtained here differ from 
those of Graves and trobman (Ref 1) at high values of the ratio of 
total hole area to reference area, AhT/Aref. No experimental results 
are available to check the validity of the two methods. 
Conclusion 
In view of the differences between the geometrical configuration 
of the experimental combustor in Reference 74 and the configuration 
employed for the present computations, the comparison between the calculated· 
and the measured pressvre losses is particularly good. The only effe~t 
which the comp,utations apparently do not accurat~l¥pred;c~.Js\the ,~ffect 
of high Mach numbers on the pressure-loss factor. However, the Mach 
number at which the divergence bec~~es appreciable is outsi~e the normal 
range of reference Mach numbers for gas~turbine combustion chambers. 
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Heat-Transfer Test Cases 
The predictions of the heat-transfer subprogram were compared 
with experimental data presented by Milford and Spiers in Reference 75, • 
... .. 
Experimental Conditions 
The apparatus used is shown in the skEltch. 
Convective-Cooling 
, Supply Gas Fuel Stabilizing 
Supply Injector Gutter 
'oO 
Fi 1m-Cool ing 
Supply 
Three sets of results were obtained: 
Slot 
1. Convective cooling (on annulus side) only 
2,. Film coo ling on I y 
3. Convective and film cooling 
Some of the test conditions were as follows: 
Hot-gas temperature 
Hot-gas Mach number' 
3510 des R 
0.25 
Refractory 
Lining' 
Convective Cooling' 
'Cooling'!'!'gas teil'lperaturel440 deg R 
(Cases 1, 2, 3, and 4) Coo J i ng-gas Ma,~h numQers O. 0'.11, o. 14 
and 0.20 
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Fi 1m Cool ing 
(Cases 5, 6, and 7) 
Convective and 
F i 1 m Coo 1 i ng 
(Cases 8, 9, 10, andll) 
~Cooling-gas temperature 1440 deg R 
Slot-gas velocities 260, 570, and 
800 ft per sec 
Cooling-gas temperature 1530 deg R 
Conyective-stream Mach number 0.15 
Slot-gas velocities 0, 260, 580, and 
825 ft per sec 
Assumpt i on.s 
The information provided in Reference 75 was insufficient to 
specify the problem. A thorough search of the literature revealed no other 
published experimental result~ in which heat-transfer measurements had been 
made with combined film and convective cooling. Thus, other than abandon 
the heat-transfer test case, ~he only course left open was to estimate or 
assume values for the information missing from Reference 75. The information 
required to c~plete the problem specifications and the assumed values are 
as fo 11ows: 
Distance across flame tube 4.5 in 
Annulus height 0.45 in 
Slot height 0.036in 
Static pressure Atmospheric 
Fuel-air ratio 0.067 
Fuel hydrogen-carbon ratio o.li 
The cas ing tempe~ature was calculated assuming natu·ral co,,-
.. 
vection and radiation to a room-temperature background. (The actual 
heat-transfer coefficients were obtained from McAdams, Ref 26, Table 7-2.) 
Heat transfer from the casing to the annulus air was ignored. The casing 
temperature distributions thus obtained were as follows: 
Casing Temperature, deg R 
Case Distance Downstre_ of Slot, In 
2.0 4.0 5.5 
1 1997 1872 1786 
2 1808 1780 1750 
3 1770 1752 1720 
4 1720 1707 1698 
5 1800 1762 1723 
6 1610 1661 1662 
7 1580 1639 1647 
8 1762 1757 1720 
9 1566 1617 1609 
10 1461 1542 1550 
11 1448 1518 1537 
The flame-tube wall absorptivities and emissivtties were taken 
as 0.85; the casing emissivity was taken as 0.8. The flame was assumed 
to be luminous (1966 NREC correlation, Equations 137 and 138), and a 
value of X • 7.0, the value for "clean" slots, was assumed in Spalding's 
o 
film-cooling correlation (Equation 160). 
Discussion of Results 
The results are shown in Figures 33, 34, and 35. Figure 33 
shows Cases 1 to 4 - those with convective cooling only. Agreement is 
reasonably good, the predicted results showing a somewhat greater effect 
of annulus convection than the experimental ones. The inconsistency may 
be due to: 
1. Incorrect assumptions about the dimensions of the test 
cOmbustor. 
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2. Incorrect assumptions about the heat loss from the casing. 
The casing temperature does, in this case, exert an important 
influence on the flame-tube wall temperature, since radiation 
from the flame-tube wall to the casing becomes significant in 
the ab~ence of film coolinq. 
The steep slope of the "radiation-only" curve was not well 
pn!dicted. It is interesting to note that Milford and Spiers' own 
calculations also failed to predict this trend. This is clearly due to 
two-dimensional effects which become increasingly important as the 
convective-heat-transfer components are reduced. Two-dimensional 
effects were not included in this calculation. 
Figure 34 shows cases 5 to 7 - those with film cooling only. 
At the lowest-slot gas velocity, the correlation predicts poorer cooling 
near the slot than was obtained in the experiment. At higher velocities, 
the effect of film cooling was found to be greater than in the experiment. 
Again this is probably due to incorrect assumptions about the dimensions 
of the slot. 
Figure 35 shows the results for combined convective and film 
~ooling. As expected, the predicted effect of film cooling at low slot-
gas velocities is again lower than the experimental one. 
Conclusion 
The most striking differences between the calculated and the 
experimental curves are in their slopes. There appears to be a dominant 
two-dimensional heat-transfer mode that is causing the experimentally 
measured wall temperatures to falloff rapidly with distance downstream. 
This effect is most apparent in the radiation-only results (experimental 
curves A of Figures 33 and '4), but it must also be present in the other 
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experimental results. Since the experimental conditions of Reference 15 
are poorly documented, it is not possible to simulate this two-dimensional 
effect In any meaningful way. 
From the results of the present computer calculations it is 
concluded that the film- and convective-cooling models used are producing 
results that agree with the main trends of this experiment, ignoring 
undocumented two-dimensional effects. 
Overall Test Cases 
Operation of the complete computer program has been checked by 
running five overall test cases having identical geometry and inlet con-
ditions (Table II). The program opti'ons specified by NASA for these test 
cases are given In Table III. The results of the test cases are discussed 
in the following parag.raphs. 
The pressure-loss characteristics of the diffuser are summarized 
on Figure 36. Subsequent figures are grouped in pairs by individual test 
case. For Test Case I the cumulative fraction of inlet air present in 
the flame tube and the fractions of inlet air contained in the residual 
jets, as functions of axial position, are shown on Figure 31, the axial 
distributions of the flame temperature, the flame-tube wall temperatures, 
and the cumulative fraction of fuel burned on Figur.e 38. Figures 39 
through 46 are similarly ordered. On Figure 47 are shown the axial dis-
tributions of total and static pressures in the flame tube and the annuli 
for Test Case 3, as a typical example of pressure distributions. 
The complete input and output data for Test Case 3 may be found 
in Appendices II and III of Volume II. 
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Diffuser Performance 
Figure 36 portrays the pressure-loss characteristics of the 
diffuser as obtained from the five d:ffuser calculation options employed 
in the test cases. The range of flow splits obtained for each option 
is that which occurred during the air-flow iterations in the process of 
obtaining a solution (the narrow ranges shown for Cases I and 2 are a 
result of accurate initial estimates of the flow splits). The large 
difference between Case 1 aod Cases 2 and 3, each of which employs the 
streamtube method in the diffuser section between the compressor discharge 
and the snout, is due to the fact that when the streamtube method is used 
in the annuli, the calculated blockage decreases considerably between 
Stations 2 and 3, and hence small mixing losses result. In Case 2, 
where separation occurs between Stations I and 2, the blockage at Station 
3 i5 assumed to be equivalent to that at Station 2, and hence rather 
large mixing losses result. In Case ~, the mixing loss again includes 
the loss associated with the blockage at Station 2. The'generally 
lO\t-/er pressure losses in the inner annulus indicated by Cases " 2, 
and 3 as compared to Cases 4 and 5 are due to the distorted velocity 
profile at the compr~ssor discharge which results in a higher local 
total pressure in the inner annulus; only when the streamtube method is 
used between Stations 1 and 2 is this distortion in total pressure re-
flected in the annulus calculations. In the prese\:t el<amples, which 
result in a badly mismatched flow at the snout, the use of the stream-
tube method between Stations 1 and 2, and the mixing method beb:,:--en 
Stations 2 and 4 (as in Case 3), is recommended. 
The pressure losses in the diffusing passages influence the mass-
flow split at the snout. Table tV summarizes the fractional flows through 
the snout ,and the inner and outer annuli for the two test cases. The 
. , 
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dependence of flow split on pressure drop may be seen by comparing entries 
in Table IV with corresponding points on Figure 36. 
The flow split at the snout in turn influences the temperature 
level in the flame tube. As the amount of fuel available for burning in 
the primary zone does not vary from case to case, and as the total 
temperature of the entering air is subs.tantially constant, the effect of 
a decrease in flow through the dome into the primary zone is to raise 
the temperature of the combustion products. This trend is evident in 
Table IV, where the primary-zone temperatures are listed. The primary-
zone temperature influences the general level of temperature in the flame 
tube for some dis tanc,e downs t ream. 
The temperature and flow distributions for the individual 
test cases are discussed in subsequent sections. Reference should be made 
to Table I II for the program options used in running these cases. 
Test Case I 
The choice of entrainment constants for this case has a 
pronounced effect on the results." As shown on Figure 37, the penetration 
jets d iss i pate befo're the 'f i rst ca I cu I at i on po i nt downs tream of the i r 
origin; this is to be expected for the entrainment constant (1) used here. 
The wall jets, however, with an entrainment constant (0) that implies no 
mixing, remain unchanged from their origin to the end of the fla~e tube. 
The virtually instantaneous mixing of the penetration Jets results in a 
sharply falling flame temperature immediately downstream of each hole 
row (Fig 38). As the "j.all Jets do not mix at all, the amount of gas 
available in the flame tube is reduced by the contents of the wall Jets 
and the resulting flame-temperature distribution is considerably higher 
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than it would have been, had the wall jets mixed with the main stream In 
the flame tube. 
In the program option used for this test case, film cooling Is 
ignored. (It should be recalled that there is no interconnection in the 
program between wall jets and film cooling.) Oespite the lack of film 
coolinys the general level of the flame-tube wall temperature is relatively 
low. The explanation is, of course, the assumption of a nonluminous flame. 
The temperatures of the flame-tu.be walls follow the general variation of the 
flame temperature reasonably closely, as would be expected with a one-dimen-
sional calculation of radiation from the flame to the walls, up to an axial 
p~sltion of about 24 inches. Downstrea. of this position the sharply 
4~oppinQ radiat ive beat transfer from the flame is rough~y baliP~-ieed by 
a drop in eonvective heat transfer in the annuli caused by sharply reduced 
air velocities in the annuli downstream of the dilution holes. Near 
the end of the combustor the air velocities in the annuli fall nearly to 
zero, forcing the wall temperatures to rise sharply. 
. . 
Test Case 2 
Although the change in the.fow split at the snout for this case 
causes a drop of about 140 deg F in the flame temperature at the end of 
the primary zone, the most pronounced changes In the temperature distri-
butions for this test case, when compared with those of Test Case I, are 
attributable to the change in the entrainment constant for wall jets 
and the inclusion of film cooling. 
As in Test Case I, the penetration jets effectively mix 
instantaneously (Fig 39). The wall jets, however, diSSipate within 
about It inches of their or.lglns and their cool air is mixed into the 
.. 
. " 
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flame-tube gases. As a result, the f'eme temperature drops sharply down-
stream of the cooling slots. Because of the lower primary-zone temperature 
and the more rapid Jet mixing, the flame-temperature profile and the peak 
temperature are much lower than in Test Case 1. 
The inclusion of the film-cooling effect and the relatively low 
flame temperature combine to hold the flame-tube wall temperatures (Fig 40) 
at a general level about 400 deg F low~r than in Test Case i. The wall-
temperature profile Is quite Jagged In this case: essentially step changes 
in temperature at the cooling-slot positions,are foll~ed by rapidly 
increasing temperature as the cooling film dissipates. 
Test Case 3 
The most significant change in program option in this case is 
from nonluminous to luminous flames. The radiation heat transfer for Case 3 
is greater by about a factor of three than that for Case 1. In addition, the 
behavior of the jets is substantially altered by the change in jet-mixing model 
(Fig 41). The penetration jets now remain distinct from two to four inches 
downstream of their origins; for the model used here (equivalent entrainment) 
the entrainment constant (1) implies complete jet dissipation when the mass flow 
in the "actual" je.t has grown to twice the mass flow at the hole of origin. 
The wall jets mix very slowly and are extant at the end of the flame tube. 
Because of the relatively slow mixing of the jets, the flame 
temperature (Fig 42) is relatively high throughout the combustor, compared 
to that in Case 2, where mixing was rapid. The high flame temperature and 
luminosity combine to incr'ease the flame-tube wall temperatures to a general 
I eve I even higher than those for Case 1. The p,redomi nance of rad i at ion 
~s a heat-transfer mechanism is apparent from the manner in which the wall 
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temperatures decrease in step with the flame temperature'in the downstream 
end of the combustor. 
Test Case 4 
The luminous-flame correlation used in this case gives iuminosities 
considerably lower than were found in Case 3 {about 0.25 vs about 0.4). This 
accounts for the generally lower level of wall temperatures in this case 
(Fig 44), despite the exclusion of film cooling. The combination of no film 
cooling and two-dimensional radiation causes the wall temperature prof;le 
to be relatively flat, compared to the profiles of previous cases. 
Cases 3 and 4 use the same mixing model, with changes in the 
entrainment constants for penetration and wall jets too small to affect jet 
behavior significantly (compare Figs 41 and 43). For this reason the 
flame-temperature profiles of these two cases are quite similar. 
The calculated effect of radiation interchange between the flame-
tube walls is negligibly small. 
Test Case 5 
With the entrainment constants and the mixing model used, the 
penetration jets mix in a distance too short for a residual jet t~ 
be observed at the next calculation station rlownstream of the jet origin. 
The wall jets survive for roughly the distance to the next penetration-hole 
row (Fig 45). As a result, the flame-temperature profile is relatIvely low, 
with periodic bumps attributable to the Influence of lingering wall jets. 
The luminosity correlation and relatively low flame temperatures 
result in low wall temperatures (Fig 46). The typically jagged profiles for 
wall cooling are tempered somewhat by two-dimensional radiation. 
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It should be noted that the effects of including radiation Inter-
change between the flame-tube walls and conduction along them .re small aAd 
CiUHiut be distinguished on these plots because of the stronger ,ffects of 
changes in luminosity and jet-mixing correlations. 
Conclusions 
The results of the test cases indicate the sensitivity of 
calculated conditions in the combustor to the models used. The diffuser options, 
mixing and flame-luminosity correlations, and the presence or absence of film 
. 
cool ing, I~an influence flow and temperature distributions dramatically. 
Choice of reasonable correlations is mostly a matter of judgment. A 
poor choice can result in ridiculous values. For example. a poor choice 
of entrainment constant in the profile-substitution model can res~lt in 
wall jets that do not disappear, or worse yet. grow with downstream distance. 
tt has not been ?ossible, within the scope of the present program, 
to Investigate fully the Influence of various arbitrary program Inputs, such 
as entrainment constants, on program results. Such an investigation should 
be carried out by the user, preferably in conjunction with appropriate 
experimental data, to select reasonable values of these constants. 
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CONCLll.S ..... I ..... ON .... S
l'he ma in cone I us Ions of th i s work are: 
I. A computer program for ana I y:: t ng the .erodynaml c and heat-
transfer characteristics ,of annular and rectangular gas-
turbine combustors has bee~ completed. 
2. All computer-p.rogram options have been checked and are found 
to operate satisfactorily. 
3. The diffuser, ai~"'··~low, and heat-transfer sectIons of the 
computer prog"'am have been tested individually by comparing 
the;r predlctio'1s of appropriate quantities with experimental 
data available In the open literature. The correlation between 
calc~lated and experiment~l values Is Judged to be reasonably 
good. 
4. The complete computer program has been tested for satisfactory 
operation by running a series of five hypothetical overall test 
cases, using geometry, Inlet conditions and program options 
specified by NASA. The main trends of the results, as Inferred 
by comparing changes in pressures, 'flows, and temperature distri-
butions from case to case, are reasonable. It Is therefore 
concluded that the program as a whole Is operating properly. 
s. The wide range of progr~m options available makes this program 
a useful tool for predicting the .ffect on combustor perfonnance 
of changes In combustor geometry, Inl~t conditions, and fuel 
distribution. 
IS3 
6. The results of the streamtube diffuser calculation are 
surprisingly good in view of the gross assumptions .... de. 
If the eq~atlons .'re examl~ed further and the potentialities 
and limitations of 'the method .~lored, this technique could' 
proylde a powerful new tool for more genera .. appllcat Ion. 
, , 
.;~ ·.f 
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TABLE I - VALUES OF CONSTANTS IN GAS-PROPERTY EQUATION 
The gas-property equation (Eq 164) is: Z· a + bT + c~ + dT3 where Z 
is the gas property. v~lues of the four constants are given in the table 
for various gases for the gas properties ;ndicated. 
Specific Heat 
'" Gas 
b x 104 c x lOB d x 1011 
Range Per Cent 
a Deg R Accuracy 
Ai r 0.2419 -9.08181 1 .791 -0.2743 180-3600 1 .9 
Carbon Dioxide o . 1397 1 .349 -2.646 400-2500 1.1 
Nitrogen 0.2540 -0.2067 2.658 -0.4718 200-3600 1.9 
Oxygen 0.2126' o. 1564 0.9044 -0.2294 700-2700 1.1 
Water Vapor 0.5632 -2.346 18.51 -3.351 700-2700 1.1 
Viscosity 
. 
Ai r -0.2853 3.268 -0.8253 1.239 200-1800 0.5 
Carbon Dioxide -1.180 1.582 0.7728 400-1100 0.5 
"' 
Nitrogen -0.01937 3. '94 -0.7820 0.8990 200-2200 0.5 
Oxygen , -0.4704 3.270 -0.5915 200-1100 0.5 
Water Vapor -2.316 2.280 0.1756 700-1500 0.5 
Thermal Conductivity 
. 
Ai r 3.057 8.607 -2.279 2.908 700-3200 1.8 
Carbon Dioxide -1 .203 7.786 ":' 1. 796 2.320 400-3000 0.5 
Nitrogen 2.142 8.838 -2.766 4.295 400-3600 2.5 
Oxygen. 4.770 9.024 -1.994 2.368 400-3600 3.0 
Water Vapor 6.200 2.442 1.926 -4.428 700-2700 1.6 
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TABLE II - COMBUSTOR gEOMETRY AND INLET FLOW 
CONDITIONS USED FOR OVERALL TEST CASES 
Configuration of Combustor Walls 
Axial 
Position 
From Geometric 
Compressor Inner Inner Inner Dome Outer Dome Outer Outer Input 
Discharg. Casing Snout or Fl .... or Flame Snout Casing Point 
Inches Tube Wall Tub. Wall . Numb.r 
O. 32.500 -0. -0. -0. -0. 35.700 1 
0.500 32.300 -0. -0. -0. -0. ' 35.900 2 
1.000 32.000 -0. -0. .. 0. -0. 36.2uO 3 
1.500 31.800 -0. -0. -0. 
, 
"'0. 36.400 4 
2.000 31.500 -0. -0. -0. -0. 36.700 5 
2.500 31.300 -0. -0. -0; -0. 3.6.900 6 
2.800 31.100 33. 100 -0. -0. 35. 100 37.100 7 
3.000 31.000 33.000 -0. -0. 35.200 37.200 8 
4.000 30.500 32.500 -0. -0. 35.700 37.700 ' 9 
5.000 30.100 32.100 -0. -0. 36.100 38.100 10 
6.000 29.600 31.600 -0. -0. 36.·600 38.600 1 1 
7.000 29.100 31. too 34. 100 34.100 37.100 39.100 12 
8.000 28.600 30.600 31. 100 37.100 37.600 39.600 13 
8.800 28.200 30.200 30.200 38.000 38.000 40.000 't4 
9.000 28.200 30.200 30.200 38.000 38.000 40.000 15 
9. 100 28.200 29.900 29.900 38.300 38.300 40.000 16 
14.000 28.200 29.900 29.900 38.300 38.300 40.000 17 
15.000 28.200 29.900 29.900 38.300 38.300 40.000 18 
15.100 28.200 29.600 29.600 i 38.600 38.600 40.000 19 
20.000 28.200 29.600 29.600 38.600 38.600 40.000 20 
21. 000 28.200 29.600 29.600 38.600 38.600 40.000 21 
21. 100 28.200 29.300 29.,300 38.900 38.900 . 40.000 22 
26.000 28.200 29.300 29.300 38.900 38.900 40.000 23 
27.000 28.200 29.300 29.300 38.900 38.900 40.000. 24 
27. 100 . 28.200 29.000 29.000 39.200 39.200 40.000 25 
29.000 28.200 29.000 29.000 39.200 39.200 40.000' 26 
30.000 28.200 ' 29.000 29.000 . 38.200 38.200 40.000 27 
3'.000 28.200 29.000 29.000 -,37.200 -37.200 40.000 28 
32.800 28.200 29.000 29.000 37.200 ·3'7.200 40.000 29 
Swlrl.r D,sl9n (Specified as Input) 
Numb.r of Swi rl.r, •. 24 
Numb.r of Blad.s • 8 
Blad. Stagg.r Angl ... • "5.00 D,.gr ••• 
I nn.r D lamet.r . . • . ,1.001 nch'$ 
'Out.r DI .. t.r"·" .. ' 1.50 .:' Inch.s' 
A;~.~.r Swl r1 ... · " ;, *0.98.:'Sq"'" ':a,nch •• '( 19notlngllockege 
" - :',', D ... ~to:V."") . '. . .~ , . 
: ." 1 ",.' , " .. " '·f·' . ~. . 
~ . J"., " ;- . ; "<~,~ " .'.: ~",,:' ',~'~ 
I 
I 
I 
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TABLE II,' CONTINUED - COMBUSTOR GEOMETRY AND INLET FLOW 
CONDITIONS USED FOR OVERALL TEST CASES 
Details of Holes.and Cooling Slots 
Hole Axi JI Inner Number Description of Hole 
Row Position or of Holes or Cool i ng Slot 
Number of Hole Outer In 
Center- Wall Row 
Line 
Inches 
1 9.000 Inner I } Coo ling slot: stepped louvre 0.095 in 2 9.000 Outer I high, with wiggle strip 
3 12.000 Inner 50 } Round holes 0.75 in diameter with scoop 4 12.000 Outer 50 0.75 in wide and 0.636 in high 
5 13.500 0 Dummy hole row (no holes) 
6 15.000 Inner 1 } ',Cooling slot: stepped louvre 0.095 in 
7 15.000 Outer 1 high. with wiggle strip 
8 16.500 0 Dummy hole row (no holes) 
-9 18.000 Inner 40 } Flush holes 2.0 in long and l.O in wIde 10 18.000 Outer 40 
11 19.500 0 Dummy hole row (no holes) 
12 21.000 Inner 1 I Cool i ng slot: stepped louvre 0.095 in 13 21.000 Outer 1 high, with wiggle strip 
14 22.500 0 Dummy hole row (no holes) 
15 24.000 Inner 75 } F.lush holes 2.0 in long and 1.0 in wIde 16 24.000 Outer 75 
17 27.·000 Inner 1 } Coo 1 i ng slot: stepped louvre 0.095 In 18 27.000 Outer 1 high, with wiggle strip 
19 . 32.700 0 Dummy hole row (no holes) 
Inlet Flow Conditions 
Total Temperature at Compressor Discharge • 1150.000 Da9 F 
Total Pressure at Compressor Discharge· • -90:.000 psla 
Air ·Flow Rate at Compressor DIscharge • ,96.000 I~ per sec 
Overall Fuel-AI r Ratio·. • 0.018 . 
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TABLE III - PROGRAM OPTIONS FOR OVERALL TEST CASES 
Program Option 
Calculation method in first part of 
diffuser: 
a. Streamtube 
b. fmpiiical Data 
Calculation method in second part 
of diffuser! 
a~ Streamtube and Mixing 
b. Empirical Data and Mixing 
c. Sudden Expansion and Mixing 
The following combinations of dif-
fuser calculations are permitted: 
First Part a a a b b 
Second Part a b c b c 
Entrainment function for jet mixing: 
I. Direct Mass Loss 
2. Equivalent Entrainment 
3. Profile Substitution 
Entrainment constant for penetration jets 
Entrainment constant for wall jets 
Luminosity correlations for flame 
emissivity: 
1. 
2" 
3. 
4. 
5. 
Reeves Di sti Ilate Fuel -
(nonluminous) 
Reeves Residual Fuel 
(nonluminous) 
Lefebvre (luminous) 
NREC 1964 (luminous) 
NREC 1966 (luminous) 
One- or two-dimensional radiation? 
Radiation interchange between walls? 
Cooled walls? 
Longitudinal wall conduction? 
Heat transfer to annulus air? 
Test Case Number 
I 2 3 4 
a a a b 
a b c b 
I 2 2 
1 I ' 0.75 
o O. I 0.2 0.3 
I 2 3 4 
1 1 1 2 
No No No Yes 
No Yes Yes No 
No No No No 
No Yes No No 
5 
b 
c 
3 
0.5 
0.4 
5 
2 
Yes 
Yes 
Yes 
Yes 
TABLE IV' - FLOti SPLITS AND PRIMARY-ZONE TEMPERATURES FOR OVERALL TEST CASES 
Test Case No. I 2 3 4 
Fraction of Inlet Air 
.04847 .06174 .06230 • 05759 Entering Snout or Dome 
=-
Fraction of Inlet Air 
.43117 .42020 .42994 .40121 Entering Inner Annulus 
:-
Fraction of Inlet Air 
.52036 .51806 .50775 1.54120 Entering Outer Annulus 
Temperature of Gases In 3890. 1. 3730. 1 3758.8 . 3800.0 Primary·Zon~. deg F 
• 
5 
.06313 
.41369 
.52317 
3725.7 
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FIGURE 4 - OVE RALL FLOW CHART FOR HEAT-TRANSFER SUBPROGRAM 
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Mass flow rate 
Mass flow rate through hole 
Number of streamtubes in diffpser 
anaJ"s is 
Nusselt number 
Total pressure 
Loss of total pressure due to combustIon 
P~andtl number 
Static pressure 
Partialpressureo'fradiating gas 
Heat transferred .to transpiration 
coolant as it passe$ through the wall 
. ··2 
Dynami chead, . pu~290 
Rate of heat addition due to fuel 
burning 
Heat tra~sfer .rate f.rom the flame-tube 
wall to the annulus air 
Gas. constant 
. . . 
Units 
Btu per ft sec deg F 
Btu per ft sec deg F 
ft 
ft 
os 
ft· .Ibm per sec2 
" .. 
1bm per. sec 
Ibm per sec 
.. 
Ibf per sq ft 
lbf per sq ft 
.. 
lbf per sq ft 
lbf per sq ft 
Stu per sq ft sec 
Ibf per sq ft 
Stu per sec 
Btu per sq ft sec 
ft lbfper Ibm 
.' dsgR 
[] 
o 
r?'-J .. ,.. ; -, . 
. l . 
i' 
L 
.S~mbol 
r 
Re 
s 
s' 
T 
TA 
u 
Descrietion 
Rate of heat transfer by radiation from 
the hot gases to the flame-tube wall 
Rate of heat transfer by radiation from 
the wall to the cas i n9 . 
Net rate of heat transfer by radiation 
from the flame-tube wall to all parts 
of the opposite wall 
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Units 
Btu per sq ft sec 
Btu per sq ft,sec 
Btu per sq ft sec 
Diffuser inlet width, for annular diffusers ft 
Radius 
Reynolds number 
Reynolds number of cooling film, based 
on slot height 
Reynolds number of gas in flame tube, 
based on flame-tube hydraulic diameter 
Distance along jet center-line 
Distance along jet center-line from 
virtual origin 
Static temperature 
Stagnation temperature 
Adiabatic-wall temperature 
Base temperature for i~nthalpy 
Casing temperature 
Temperature of cooling air 
Static temperature of hot gases 
Wa)] temperature 
Total cross-sectional area of streamtubes 
Wall th ickness 
Main-stream velocity 
Bulk velocity of gas in flame tube 
ft 
-
-
-
ft 
ft 
deg R 
deg R 
deg R 
deg R 
deg R 
deg R 
deg R 
deg R 
sq ft 
ft 
ft per sec 
ft per SeC 
2TI9 
Symbol 
u 
w 
x 
x 
x 
x 
y 
Ycf 
'! 
D ... escr I R~!2.n 
Mean Initial velocity of cooling film 
Velocity 
Area-average velocity 
Mass-averaged velocity 
Diffuser width, for rectangular diffusers 
Nondimensional distance dO'lInstream of 
cooling slot 
Parameter in film-cooling correlation 
Mole fraction 
Downstream distance 
Distance downstream of cooling slot 
Thickness of slab of hot gas 
Axial length of strip of wall 
Nondimensional distance across diffuser 
Distance across diffuser'or flame. tube, 
measured from the wall 
Height of film-cooling slot 
Streamline slope 
Flame absorptivity 
Wall absorptivity 
Permeability coefficient 
Profile parameter 
Ratio of specific heats 
Boundary-layer displacement thickness 
Flame emissivity 
. Transverse jet coordi~ate 
Units 
.--
ft per sec 
ft per sec 
ft per sec 
ft per sec 
ft 
-
-
-
ft 
ft 
ft 
ft 
-
ft 
ft 
radians 
-
sq It 
-
-
.... 
it 
S.21, 
l1t 
1l"'t 
6 
A 
).dlff 
,... 
V 
tp 
~m 
~12 
p 
0 
't 
r 
Denser i p,t.Lq,'l 
. 
Va I ue of II at wh i ch nand·i rnens i ona 1 
velocity profile parameter equals 0.5 
Value of 'I at the assumed Jet 'boundary 
Boundary-layer momentum thickness 
Luminosity factor 
Diffuser total-pressure-loss coefficient 
Dynamic viscosity 
Kinematic viscosity 
Initial 'Jet angle 
Diffuser effectiveness In the presence 
of mixing 
Diffuser effectiven~s's between Statlotas 
1 and 2 
Density 
Stefan~Boltzmann const.nt 
Film-cooling' effectiveness 
Transmittance' t> 
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ft 
ft 
rt 
-
... 
Ibm per ft sec 
sq ft per sec 
radians 
-
tift . 
Ibm per cu ft 
Btu per sq ft-(deg R)~hr 
.. 
iIII 
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PRECED!NG Pf~GE BLANK NOT FILMED .. 
. . 
. . 
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APPENDIX I 
•• 
IDEAL PRESSURE-RECOVERY COEFFICIENT IN A DIFFUSER 
• .a.. £QWS ' •• 'J • .', •• _ WITH NONUNIFORM INLET VELOCITV PROFilE 
... I ,.. 1 ._1& .•.. .. 
Governing Eguatlonl~ 
Consider the incompressible flow in a diffusing passage; it Is' 
assumed that the velocity profile is nonuniform at the inlet, and mixes 
to a uniform profile at the outlet as indicated in ,the sketch. 
The equations of continuity and momentum for an elements" control 
volume of . length dx can· be writ·ten as 
. d (p" ') 
"d- ,uA =0 
x a' 
(1-1 ) 
., 
.2e. .-...L:2- (Pri u A)' 
dx ~ 9o.A dx' am". (J-2) 
Equat i on t .. J can be .i htegrated to y ie 1 d 
- ' u ' 
tJu ,A .. P ; A .. m J- a .' 
where ~ is the maS$ flow'n the passage. Combining 'E.Cluations 1-3 and 1-2 
yields' . 
" 
0-4) 
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This is the' ~quation which expresses, the static pressure as a function 
of the passag~ area and the uniformity of the velocity proffletl It is 
to be noted tha~ for a uniform prof' Ie /d. 1, whi Ie for a nonuniform prof I Ie 
" > 1. 
Solution for Maximum Possible Pressure Recover~ 
~_* . ..,... .tlm... 1lJ"" If I , d ! '.1 ,.., ,VM .... 
To·obtaln a solution.for the maximum possible pressure reeovery~ 
- It's fi fst necessary to determl ne th" form of Ii (x) wht~h yields the 
.. 
. . 
maximum value of ,the function 
t-a .!. L Cf) dJ .. A dx .. , (1-5) 
This expression' can be Integrat.dby parts to obtain 
. %.. (4" . (~\ . . (A2.g.. dA 
, . A J. A 12 A) A . 
(1-6) 
The maximum value of I will accordingly be obtained when the tast term In 
Equa~ron i .. 6 is a m'nSmum; thIs is obviously ,achieved by having P reach Its 
minimum ~alue' Instantaneously at Station 1 •. Hence. the maximum po~sible 
. . 
pressure recovery f s achieved byi nstantaneOU$. ".,hel"9 at Station t t t. e. , 
~> -
'/1. 1- a~.x>xl ... 
Thesolutton of 'Equation' t~4. for'm,udmumpressure'reeovery is . 
. , ' 
then' 
'2"[·': ... ' .' ......... '., ~ 
. m',fj ',. l' .1·, .. t , 
-= ". . ' ..•. 'l/AIi1it ...... ~.-... _ ._. ... • ..a: ' .. *' .... -"I!!l ....MiJf' .. ' +. '.! 'X '.'''.2.' ... . D 9 ,  2 2··· ~." , 
..I" .. 0 , '.Al', ·A2 . ,2A 1 .. . .2A2, 
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or. from Equation 1-3: 
Pg - Pr 1 [ tl 1 OJ 
_ • /4.1~ ,2 (I'JI _. 1) + 1 .. AR2" 
ql 
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APPENDIX II 
I 
BOUNDARY-LAYER MOMENTUM THICKNESS 
I T f • 
introduction 
_ b,f N F 12 ill 
In' the present streamtube method, a relationship is required 
between the boundary~layer momentum thickness along the walls of the 
diffuser and the local flow variables. The situation considered is 
indicated in the following sketch: 
.. 
::::::=',.-r:'1777-nr-r:r7n, Boundary Layer 
The method used herein is a modification of standard integral. 
treatments of the turbu.lent boundary 1 ayer(see Ref 76. Chapter XXII) to 
account for compressibi lity effects. The integral mom.entum equation for 
co~pressib'le flow is (see Equation 1-23 of Kutateladze and Leont"ev, Ref 77): 
dB 
-- + 
. dx (2e J) 
e == J~Pu ... u 
. .... PGU (I - ii' dy 
,. 0 .' " . 
. . 
If itis assumed.,that H is 'c0t1sta~t and tha~ t'o' ·the shear sttessat 
, .. 
the we 11.15 g.lven ,by 
oc. " III' fWP t ti t. ' .... ,(.' .. ,~ 
(US/V) lIn 
" 
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where nand Clare constants and \I is assumed. to ba constant. then 
Equation 2-1 may b~ integrated tq gIve: 
U e ~n • (I...!) -b x . n e (-,Ji) • P U" x V . X n 
n+l 
where. a .. n c<. 
b .'Int~ (H+2) • ! 
n n 
C1 • constant of integration 
Ub . * +1 J 
' dx 
Taking values of n. 6 and« • 0.0065 (Ref 16), and assuming a mean value 
e • x 
[C\+O.0076 It U4 p7/6 dX] 
. 0 x' 611 
Uo 25/6. Po 1/6 0 •• 00, ~6. V 1/6 .~ 4 7/6 '. (-) (--) + ,I 6- t o/{/a U, dx Ux :Px jJ 7 U 2S 
. 'x . x '. 
. . 
. x 
o 
(2-4) 
(2-5) 
Equation 2-5 is used in the computer program to 'cah~ulate e·,; a constan~ 
1/6 . 1/6 
value .of Y' &: 0.23 (sq it per sec) 'is assumed. 
t 
I 
[ 
[ 
[ 
~o .1 ~I 
r U 
!i 
I 
I 
1 ] 
"'" i i 
i 
. I 
-I 
{ 
i 
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APPENDIX III 
NEW ESTIMATE OF BOUNDARY-LAVER 
DISPLACEMENT THICKNESS 
227 
. 
This appendix describes the technique used to obtain convergence 
in the iteration on boundary-layer thickness. 
----
----~ - ..-:...:;;:;;;..------:wr---
6 
Consider any section where the present value of displacement 
thickness is c5 and the predicted value is cS • The correct value Ties 
o 
between <5 -.lnd 6 since, as cS is increased, the flow vel oc it i es increase 
o 0 
and <5 is reduced. The best estimate, <5 1, to use as a starting value for 
the next iteration is such that, as <5 is increased to cS 1, 6 is reduced 
o 
to 6 1. Let 
Ad' = 6 1 - <5 
o 0 
At any section, from Equation 2-4: 
e 1 Ct -24/7 
u 
(3-1 ) 
From the continuity equation for two-dimensional flow: 
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I 
where EA is the flow area and subscripts 1 and 2 refer to inner and 
outer wal.~, respectively. 
By definition: 
c5 = He 
61 == (H + AH) (9 +.(9) 
(} • 6~ + ~ + ~] 
From Equation 36: 
t\H = 70. (Ho - 1.05) t1 (!> 
t\H (Ho - 1.05) (Ae. -1l9. 1) 
-
= 70. I 1-H • • (x.-x. 1') H I 1-
Combining Equations 3~1, 3-2, 3-3, and 3-4: 
61 = 6r -~240. ~Ho - 1:05) _ 9 + 24/1 (Llcf 01 +£\80 2 
H x. x. 1 FA I 1-
70(H .. 1.05)' 
o Ae. 1 1 
.-
H 
i~e., for walls 1 and 2 
where 
81 [I -'fIJ 
°2 [I -I(' 2J 
+ £p} (80 } + 00 2) = (tp 1 + Oo! +ipl .a~ 
+~2 (°01 + 002) =~ 2 • cS~ + (~'2 + 1)8~ 
1 dO. 1 =·6 - 0 o· 0 
(Ho ... 1.0SJ 
H 
". 
-
" ~ x.-x. 1 
• J-
.. 'f' 
(3-3) 
(3-4) 
(3-5) 
(3-6) 
(3-7) 
.' 
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(H - 1.05) 
tp • 10---° ... -~--H 
Solution of Equations 3-6 arid 3-7 provides a new estimate of the boundary-
layer displacement thickness; experience has indicated, however. that this 
estimate will not in general yield convergence end hence the actual estimate 
used is a weight~d average ~f . .5 0 and cS 'as indicated in the text (Equation 
37). 
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APPENDIX IV 
• 
ESTIMATES OF BOUNDARY-LAYER SHAPE FACTORS 
As inputs to the streamtube method of diffuser analysis, boundary-
layer displacement thicknesses and shape factors on the two walls are 
nonmal1y provided. If; however. momentum thickn~sses or shape factors 
are not available, they may be easily calculated, assuming the boundary 
layer has built up as on a flat plate. 
The equation for the shape factor at inlet, "It is derived as 
, 1 
follows. Hama (Ref 78), from experiment43 with boundary layers on various 
types of flat surfaces, produced,the following'correlatlon: 
where 
1 
- 0 78 R -1/14 
• x 
R U.x x·V 
x - length of flat plate 
U • free stream vele'le'ity 
v • kinematic viscosity 
For flat plates Equations 2-1 and 2-3 give: 
where R SI U.9 • Y. • 5. 
'9 V V H 
Integrating Equation 4-2: 
"" 
'n 
-n+l 
dRe ex ' 
dR· • (RJ'1/n 
x 8 
&I N .. 1) 
\A .. ~x 
(4-1) 
USing values o,~('1... 0.0065 and n .. 6 (Ref 16) ,Equations 4-1 arid 4-3 give: 
[.-""., 't ! 1 I 
J ; ~ 
I~ i I I ! i i , I -", 
~.! ; \ -i 
II 
I 
I 
I 
rn 
~ 
IJ 
~ 
~-
I 
I 
H" 
.' I 1 1 • 0.55 A, al/la 
'. ·1' o 55 (~ O} -1712 
. 1 
-. "". • H . 1 
This equ8tio,n may be solved to obtain H~. if the- Inlet displacement 
thickness (or boundary-layer blockage) Is known. 
.. 
.. 
!I 
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(4-4) 
.. 
• 
APPENDIX V 
IS I •• 
!iRDtpt 09 IsY!t.12£1I, 
The equations governing the Incompressible flow- In • diffusing 
palsage have been derived In Appendix I; they.re: 
• 
.., m (5-1) 
'p 90 dn 1 d I a 
. ...,.. ... -A -dx _\~A J 
.2 dx (5-2) 
m 
Mix i ng-Proces.s Assumet ion 
To obtain a solution to Equations S-l and 5-2, it Is necessary 
to postulate the form of the mixing process" which is characterized by fj (x) • 
. 
It is assumed here' that mixing will, occur h. such a way that 
;6~f • constant, K>P (5-3) 
- which is merely based on the plausible hypothesis that the mixing rate will 
- , 
be delayed by diffusion. The value of K may be obtaIned by applying EquatIon 
-5-3 at the inlet and exit: 
1 . 
. .6 1 - Art /3 2 K -. 11' ~. 
. - 1 
1 .. AR 
(5-4) 
S.olut,ign ·forPre,ssure ... Recover~L Coefficier,~t 
.. 
. ·Substitution of Equ'atlon 5-3 Into Equation ,-2.yields: 
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which can be integrated between inlet and exit: 
jl 90 K 1 1 (p - p) • - (- - 2) (3-5) 
rn2 2. J 2 A12 .A. 
. 2 . 
Combining Equations 5-1. 5-4. and 5-5 provides the desired result: 
<5-6) 
\ 
If the flow mixe~ to a uniform profile ( P2 • 1), then: 
.. 
P2 -P·l 1 1 1 
- · , r (1 ..... -) (~ - -) . 
ql ~1 AR· 1 AR (5-7) 
... 
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APPENDIX VI 
III 
PRESSURE DROP ACROSS THE DOME ----~------------------~ 
The total-to-static pressure drop across the dome results from 
the combined mass-flow rate through the swirler and through ho1es in the dome: 
where md = tota 1 flow through the dome (or snout) 
= mdh + msw 
The mass-flow rate through the dome holes is given by the discharge equation: 
(6 .. 1 ) 
The mass-flow rate tnrough the swirler may be found from the swirler pressure-
drop equation: 
6 Psw = 
q ref 
K 
sw 
The reference dynamic pressure is given by: 
.2 
m 
sw 
.2 
mref 
(6-2) 
This expression is substituted for q f in Equation 6-2 and the result is 
re 
solved for the swi rler mass-flow rate: 
; - ....... : . .. 2 .. = .. _. 90 .. -fr~f AP sw 
.. . K. sec f3sw sw (. ... 2 .' -
A 
sw 
-
1 
2 ) 
,eXft 
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The total flow through' the dome may now be found by adding Equations 6-1 
and 6-3: .. 
290 P ref AP sw' u_ (6-4) 
. 
Since the pressure drop across the dome holes and the ~wirler must be equal, 
this e.qua,tton may be solved for this pressure droP! 
, . 
. , 
.2 
'm d 
.. 
J 1 
w_ 
2· (6-5) 
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APPENDIX VII 1-.,. 
6 
INTEGRATION OF INTEGRAL PRESSURE TERM , 
The integral pressure term in the annulus momentum equation 
(Equation-gO) may be integrated by parts to yield: 
(22 J ,P ~ Ox .. (PA)' .. 
I' I' 
A dp (7-1 ) 
An appropriate relation between A and P Tor mixing has been derived in 
Appendix V: 
dp :: 
When Equation 7-2 is. substituted into Equation 7-1, the latter may be 
integrated': 
2 
dA .2 .' dx == (pA) + m·K (1 _-L) (7-3) p -ax. 
'/90 Aa AI' 
I ' I ' 
Equation 7-2 may be integrated ~irectly: 
_P9_0 . (p .. p' .). - '-!2 i. 12 ." __ 1"2' 
.2 2 )', - \' 'I 
m A2 A1, 
The desired' result is·obtaineq by eliminating K between Equattons 1-3 and 1-4: 
p .sa dx • (pA),".' ... (pA) It ; +. 2{PJ1 .. P2)1<-A
1
. + -Ar ) (7-5) 
dx ,,4 ." ,2 1 , 
" 
